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ABSTRACT

Industries are working to minimize their reliance on petrochemicals and petroleum-based industrial components
and replace them with biobased, sustainable, and environmentally friendly alternatives due to the global
warming emergency caused by the uncontrolled production of greenhouse gases. The agricultural waste provides
large volumes of lignocellulosic biomass, a sustainable resource material to develop a wide portfolio of bio-
products. Recent developments in integrated biorefineries have enhanced the utilization of waste lignocellulose
components to generate biofuels, platform chemicals, resins, bioplastics, additives, and other biobased materials
for a variety of applications. Here in this review, we have summarized recent advancements in the processing of
lignocellulosic biomass from agricultural waste. Additionally, this review thoroughly discussed the recent
technological advancements in the utilization of various lignocellulose biomass constituents for biofuels, bio-
composites, and bioplastics. Finally, an assessment of the currently existing literature gaps and prospective future
perspectives for the development of lignocellulosic biomass from agricultural waste has been conducted.

1. Introduction

sustainable growth and development (Ferreira Gregorio et al., 2018).
The main idea behind these models is to accomplish the synergy be-

The concepts of circular economy and bioeconomy have been tween growing economies, societies, and the environment (Stephenson
introduced as alternative economic production models to encourage and Damerell, 2022). By applying these key concepts of circular
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economy and bioeconomy, policies can be drawn up for the successful
implementation of 17 sustainable developmental goals that were
adopted by member states of the United nations in 2015 (Walker, 2021).
The unsustainable consumption of global resources is not only posing a
huge threat to the environment but also creating a negative impact on
the quality of human lives. This global masterplan draws attention to the
transformation of economic, political, and financial to improve the
overall quality of human life worldwide (Mehmood, 2021). With an
ever-increasing material footprint globally, the world’s major industrial
producers are striving to adopt such production policies that help them
to reduce their dependence on nonrenewable resources. Applying
common principles of circular economy and bioeconomy helps to reduce
the impact on natural resources and uplifting of society by enhancing the
quality of life and creating new jobs. The European Union has a special
focus on the development and adoption of policies that promote the use
of renewable resources for energy and product development (D’Adamo
et al.,, 2022). Similarly, China is focusing on the implementation of
policies based on circular economy practices (Lu et al., 2021).

Lignocellulose-based biorefinery is gaining attention from both re-
searchers and industries as it can offer renewable feed stock for many
application areas such as energy, food, nutrition, the chemical industry,
etc.,, (Banu et al., 2021). Lignocellulose biomass (LCB) arises from
agricultural and forest residues, organic solid waste from recycling
stations, paper, wood, and pulp. According to recent statistics, globally
the annual production of lignocellulose biomass is approximately 181.5
billion tons, out of which only 8.2 billion tons of lignocellulose biomass
is utilized by different application areas (Singh et al., 2022). This
demonstrates the untapped availability of plant-based biomass for
transformation into a wide portfolio of bioproducts for basically all
application sectors. Indeed, advancements in lignocellulose biorefinery
are paving the path for producing sustainable energy, bioplastics, and
other bioproducts from renewable and environmentally friendly ligno-
cellulose biomass. LCB can be easily converted to bioenergy through
thermochemical (pyrolysis, combustion, gasification, and liquefication)
and biochemical (treatment with microorganisms and enzymes) con-
version routes (Patel and Shah, 2021). As per some reports, compared to
other renewable resources, lignocellulose biomass serves as the primary
resource for producing biofuels for air, road, and water transport. Be-
sides, lignocellulosic biomass has the potential to substitute
petroleum-based plastics and other petrochemical materials fully or
partially. Lignocellulose-based bio composites have been successfully
employed for different purposes, such as inks for additive
manufacturing, multifunctional substrates in environmental remedia-
tion, medical applications, cleaner production, etc., (Usmani et al.,
2021).

So far, several review articles have discussed lignocellulosic biomass
from agricultural waste in terms of pretreatment, processing, chemical
components, conversion, etc. However, reports giving a holistic picture
of lignocellulose biomass from pretreatment to applications and its
impact on the circular economy are scarce. This review provides a
deeper understanding of the importance of lignocellulose biomass from
agricultural waste to a modern circular economy. The review provides
an outline of realisticbiorefinery biomaterials derived from agro-waste
and summarizes the final progress in biobased processes for lignocel-
lulosic waste utilization (biofuels, bioplastics, and biocomposites for
environmental and medical applications).

2. Importance of agricultural waste in a circular economy

With the growth of the world population and the growing demand
for agricultural production, there is also an increase in agricultural
waste. This agricultural waste production is becoming a problem that
must be worked on. In China, a giant in the agro scenario, the annual
agro-waste reaches around 0.9 billion t. The simple discard of this agro-
waste can negatively impact the environment by contaminating the soil
and water sources (Yu et al., 2023). Different alternatives are being
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considered for the use of these agricultural residues for energy
production.

In the modern world, the immense need for energy has been fulfilled
by non-renewable fossil fuels. As an alternative to this, novel renewable
sources of fuels are among the burning quests of modern-day research.
Among the renewable resources for energy, biomass has been projected
as a potential candidate for the substitution of crude oil-based refineries.
As is known, carbon biomass is a carbon-neutral, widely available, and
most importantly renewable feed stock to produce different chemicals
and fuels.

The Circular economy is an alternative industry model, aiming for
sustainable development. This new business model is a designer based
on economy and environment promoting development, profit, and
environmental protection (Andooz et al., 2023). For example, industrial
residues are not discarded, on the contrary, these residues can be
transformed into raw materials for other products (Nattassha et al.,
2020).

A circular economy can be defined under two governing principles; it
increases the value of raw material by enhancing its conversion to
product, and with responsible product design, the loss of service time is
reduced. The closed loop idea (circular) aims the improving the inces-
sant flow of technical and biological resources, like agricultural waste,
in the value loop though keeping products, components, and resources
at their maximum value always and plummeting waste to the least
possible level (EMF, 2013). As it is known that circular economy is an
emerging concept which, still in the academy and literature, there is a
lack of consensus on its theoretical definition. This can be attributed to
the fact that the circular economy is the result of changes in policy
frameworks and legislation, not academic research. Recycling and
reprocessing the ingredients of a product offers the opportunity to
extend the utility of material even further. In other words, the hidden
potential of a material is further exploited rather than just wasting it.
Therefore, industries are looking for materials that offer infinite prop-
erties such as recyclability and reusability, and all this can be possible by
adopting the principles of the circular economy.

According to a recent IEA 2017 report, the total share of biomass in
the energy supply is 9%. Various types of biomasses have been generated
through agricultural activities such as animal manure and slurries, post-
harvest plant residues, non-marketable products, products of no market
value, wastes from low or unprocessed vegetables, waste from olives and
grape processing lines, and milk-based waste, etc. The lack of a proper
reuse policy leads to uncontrolled extraction of these bioresources for
production and consumption and halts the regeneration of the economy.
However, currently, the world’s major economies are modifying their
frameworks of production policies from unsustainable to more sustain-
able, ecofriendly, and resource-conserving (Rhozyel and Zalpyté, 2018).

3. Lignocellulose biomass
3.1. Sources and production statistics

In the last decades, the use of fossil fuels has caused side effects on
the environment, such as air pollution and greenhouse gas emissions
resulting in global warming. As a result, intensive research for alterna-
tive biofuels or biomaterials derived from renewable sources with sus-
tainable impact, has been undergoing (Ghimire et al., 2021; Okolie
etal., 2021). As illustrated in Fig. 1, lignocellulose biomass is a strategic
natural renewable resource generated by different sectors such as agri-
culture, forestry, and industry. The demand for this resource has been
increased over the past years.

The main high-value-added products from lignocellulose biomass
includes biofuels, biogas, biopolymers, and construction materials
(Ciesielski et al., 2020; Devi et al., 2022). Only in 2019,159 billion liters
of biofuels were produced worldwide, with 70% of the total production
in the Americas (WBA, 2021). Fig. 2 illustrates the biofuel production
and world distribution. Among the productive sectors, the largest
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Fig. 1. Common biomass sources and main lignocellulose composition are responsible for many high-value-added products. Reprinted (adapted) with permission
from (Lucas et al., 2021) Copyright American Chemical Society.
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Fig. 2. (a) Global production of lignocellulose (Reproduced from (Zhao et al., 2022) with permission of Elsevier); b) Global biofuel production over the years. (c)
World distribution of biofuel production in 2019. Data from WBA, Global Bioenergy Statistics 2021.

amount of lignocellulose comes from woody biomass, agricultural resi- (above- and below-ground) and 59 gigatons of dead wood (FAO, 2021).
dues (rice straws, corn stover, sugarcane bagasse), energy crops It generates nearly 1.3 billion tons per year of lignocellulosic biomass in
(switchgrass, miscanthus), cellulosic wastes (municipal solid waste such the world (Fig. 2a). Among these biomass sources, rice straw is a
as pulp mill and lumber mill wastes) (Armah et al., 2022). sub-product of rice with global production of 370-520 million tons/year

The world’s forests contain about 606 gigatons of living biomass (Areepak et al., 2022). Sugarcane produces about 279 million metric



M. Mujtaba et al.

tons of bagasse, a source of lignocellulose biomass. Brazil is one of the
largest producers at about 739,300 thousand metric tons per year, fol-
lowed by other big countries such as India, China, and the United States
(Ajala et al., 2021). The global production of corn stover is around 1
billion tons. Due to its high carbohydrate content, it is considered as an
important feedstock for biofuel production such as ethanol (Ruan et al.,
2019). In paper manufacturing, around 40 million tons of solid waste are
produced per year. In this waste sludge, there are raw lignocellulosic
materials that can be used for biorefinery applications (Zambare and
Christopher, 2020). The residues from the pulp and paper mill biomass
present a rich composition being a source of valuable materials such as
black liquor (source of lignin and xylan), woody residues (source of
cellulose), and fly ash (source of different minerals) (Haile et al., 2021).

The use of lignocellulosic residues is thought to reduce the de-
pendency on petrochemical resources in fuels and plastic production. It
is esteemed that more than 30% of fossil fuel replacement in the next
years for biofuels, biochemicals, and biomaterials (Okolie et al., 2021)
(Fig. 2 b, c). The use of lignocellulosic feedstocks provided by the
agricultural and forestry sectors has great potential as an alternative to
petrochemical resources, by this way it mitigates climate change and
promotes economic development (Okolie et al., 2021). But, for an
effective potential application of the compounds extracted from ligno-
cellulosic biomass (lignin, hemicellulose, cellulose, and other extracts)
must be fractionated into valuables forms (biofuels and/or chemicals)
(Achinivu et al., 2021; Lobato-Peralta et al., 2021).

3.2. Isolation processes and physicochemical characteristics

Lignocellulose biomass (LCB) is made up of a variety of constituents,
including cellulose, hemicellulose, lignin, pectin, and protein, as well as
extractives (tannins, lipids, resins, steroids, terpenes, terpenoids, flavo-
noids, and phenolic compounds) (Haldar and Purkait, 2021; Okolie
et al., 2021). LCB is a renewable source of carbon-neutral materials that
can be used to produce biofuel and other intermediate products (valu-
able chemicals etc.). Although the composition of lignocellulose varies
depending on the source, it typically consists of 40-60% cellulose,
20-40% hemicellulose, and 10-24% lignin ((K N et al., 2022; Putro
et al., 2016).

Cellulose is a polysaccharide composed of glucose units, linked by
(B-1-4) glycosidic linkages. Hemicelluloses comprise a family of complex
polysaccharides sharing with cellulose a backbone of (p-1-4) glycosidic
linkages but are substituted and built by a wide variety of mono-
saccharides (glucose, xylose, galactose, fucose, mannose, etc., (Geng
et al., 2019). Lignin is a three-dimensional intricate complex aromatic
heteropolymer composed of hydroxyphenyl, syringyl, and, guaiacyl
units that can variate in their ratios (Woiciechowski et al., 2020). These
compounds change their composition according to the biomass source,
origin, and climate conditions (Wu et al., 2022). The lignin polymer
network is a complex structure that acts as a physical barrier to access
cellulose and hemicellulose (Mankar et al., 2021). The presence of lignin
renders the biomass resistant to deconstruction since it is hardly depo-
lymerized by enzymatic processes, which delays the extraction of cel-
lulose and hemicellulose and becomes one of the major hurdles for
large-scale commercial applications (Achinivu et al., 2021). The pre-
treatment of lignocellulose biomass is an essential step for uncovering
the cellulose and hemicellulose for hydrolyzing process using enzymatic
or chemical methods (Bhatia et al., 2020). Pretreatment allows the
opening of compact structures in the plant cell walls permitting the
contact of enzymes with cellulose and hemicellulose. In the absence of
any pretreatment, the enzymatic hydrolysis activity can be as low as
20% (Liu et al., 2018). The pretreatment process is classified as physical,
chemical, physicochemical, and biological, and it accounts for 40% of
the total cost of the biorefinery process (Haldar and Purkait, 2021).

Some pretreatments, for instance, alkaline hydrogen peroxide, steam
explosion, and organic solvents are used for extracting lignocellulose
compounds. However, many of these pretreatments have side effects,
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such as the presence of various inhibitors of microbial activity, that can
reduce some applications due to toxic effects (Wu et al., 2022).
Furthermore, new methodologies for lignocellulose extraction have
been developed as ammonia fiber explosion, hydrothermal treatments
such as pressurized hot-water extraction (also known as subcritical
water), supercritical fluids, co-solvent enhanced lignocellulosic frac-
tionation, ultrasounds, microwaves, and deep eutectic solvents (Fig. 3)
(Mankar et al., 2021). For example, in the lignocellulose conversion to
biofuel, several thermochemical conversion technologies have been
applied as pyrolysis, liquefaction, torrefaction, carbonization, and
gasification, as well as biochemical conversation as digestion and
fermentation (Okolie et al., 2021). Pyrolysis has been a highlight among
the methodologies because of the flexibility to produce solid, liquid, and
gaseous products from biomass. These processes have been classified as
slow, fast, and flash pyrolysis, and the differences between the methods
are the temperature and the resistance time. However other parameters
such as reaction conditions, reactor model, and catalyst addition among
others change the final product (K N et al., 2022). Catalytic reductive
depolymerization/fractionation (RCF) of lignin has recently emerged as
one of the effective biorefinery approaches that combine lignin depo-
lymerization with biomass. RCF uses a heterogenous catalyst system that
prevents the depolymerization of lignin monomers yielding low mo-
lecular weight lignin-based monophenolics along with carbohydrate
pulp (Liu et al., 2020). Briefly, the RCF biorefinery of lignocellulose is
carried out in a high-pressure batch reactor (180-250 °C, 2-6 h).
Heating stimulates the solvolytic extraction of lignin from lignocellulose
biomass. Then the partial depolymerization of lignin starts by cleaving
the ether bonds (like —O—4 linkage) (Renders et al., 2019). The initial
defragmentation yields unstable reactive fragments with a high ten-
dency for repolymerization. These unsaturated fragments are stabilized
through reductive redox-active catalysts such as Pd/C, which breaks the
residual ether linkages (via hydrogenolysis). These phenolic units can be
further deoxygenated to benzene derivatives using an appropriate
catalyst. RCF can be categorized into a) solvent-free hydroconversion, b)
hydroconversion in inert solvents, c¢) hydroconversion in
hydrogen-donating solvent systems, d) and catalysis. A comprehensive
discussion of categories can be found elsewhere (Bourbiaux et al., 2021).

Ultrasonication, irradiation, and microwave are technics that have
high efficacy for lignocellulose extraction from different types of bio-
masses. But the main challenge for the application of these methodol-
ogies is the demand for high energy inputs which increases the process
costs (Haldar and Purkait, 2021). For lignin purification, fourtreatments
have been used by the industry, including sulfite, kraft, soda, and
organosolv pretreatments. Between these methodologies, the organo-
solv fractionation showed a promisor technique for biomass fraction-
ation once it demonstrated low side-effects on the environment, great
delignification efficiency, and the production of several sub-products
(Achinivu et al., 2021). From the extraction of lignocellulose biomass,
several products with industrial applications can be obtained. For
example, the production of biodiesel and biogasoline, chemicals such as
ethanol, phenols, aldehydes, xylitol, and saccharides with low carbon
emission (Baruah et al., 2018).

Lignocellulose is a great alternative for substitute petrochemical
products; however, many challenges must be overcome. Green meth-
odologies must be a priority for industrial processes, however, these
technologies for biomass extraction still need to be improved for the
scale-up process. The high costs for industrial infrastructure and meth-
odologies that have high extraction efficacy with a low-cost process are
the main challenge to their application (Haldar and Purkait, 2021).

3.3. Transformation processes

The fractionated lignocellulosic polymers - cellulose, hemi-
celluloses, and lignin — can be functionalized and chemically modified to
fine-tune their properties and expand their applications into a range of
bioproducts. In the case of cellulose extracted from agricultural
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lignocellulosic side streams, such functionalization processes have
traditionally been carried out in bulk, yielding cellulose derivatives
similar to those obtained from wood-derived sources (Heinze and
Glasser, 1998), such as carboxymethyl cellulose or cellulose acetate
(Biswas et al., 2006). Such bulk chemical modification procedures
usually require solubilization of the cellulose and disrupt the native
organization of the cellulose microfibrils, therefore resulting in a loss of
their structural properties. In recent years, the focus has been placed on
the surface modification of cellulose fibers to preserve their structural
integrity and enable at the same time surface functionalization of the
fibers towards desired properties such as hydrophobicity, ionic stability,
or even bioactivity (e.g., antimicrobial properties) (Kamel et al., 2020).
Common procedures for the surface modification of cellulosic fibers
from agricultural sources include esterification reactions (i.e. acetyla-
tion (Kellersztein and Dotan, 2016), propionylation (Singh et al., 2016),
succinylation (Leszczynska et al, 2019), etc.), resulting in

o)
OH O

Cellulose
microfibrils
Mannan

TEMPO oxidation
N

= S
: o

functionalized cellulose fibers with different degrees of substitution and
chemistries of the introduced agents, thus balancing the hydro-
philic/hydrophobic properties of the fibers (Fig. 4). TEMPO-mediated
oxidation is now a well-established methodology for the preparation
of cellulose nanofibers from lignocellulosic streams including crops such
as basts of flax, hemp, jute, leaves of sisal and abaca (Alila et al., 2013),
wheat straw (Miao et al., 2020) resulting in the introduction of car-
boxylic groups in the fiber surface. These anionic moieties contribute to
the colloidal stability of the cellulose fibers (Mendoza et al., 2018) and
can be further exploited for the introduction of other functional groups
(e.g., through amidation) and even the grafting of polymeric chains from
the cellulose surfaces (Heise et al., 2021). Kaldéus et al. (2019) reported
the synthesis of polymers and copolymers of poly(ethylene glycol)
methyl ether methacrylate (POEGMA) and poly(methyl methacrylate)
(PMMA) from cellulose nanofibril by introducing surface activators.
Hemicellulose constitutes a widely abundant fraction in agricultural
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=
/O
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Fig. 4. Surface modification of cellulose fibrils by TEMPO-mediated oxidation, esterification, and grafting from approaches.
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side streams, but they, unfortunately, remain an unexploited resource in
lignocellulosic biorefineries from crops. Due to the higher solubility of
hemicelluloses, their chemical modification and functionalization are
usually performed in the bulk. The rich palette of carbohydrate chem-
istry offers broad possibilities for the modification of the hydroxyl
groups in hemicelluloses, by oxidation, esterification (acetylation, suc-
cinylation, benzoylation), etherification (carboxymethyl, methylation,
hydroxylakylation, benzylation), grafting from, grafting too, and cross-
linking. (Chen et al., 2015; Soderqvist Lindblad and Albertsson, 2004).
These chemical procedures enable the fine-tuning of the physicochem-
ical properties of the hemicelluloses from agricultural side streams
(Huang et al., 2021) towards increased hydrophobicity for
water-sensitive applications and (Farhat et al., 2017) film-forming
properties (Hansen and Plackett, 2008; Zhao et al., 2020). In partic-
ular, thermoplastic hemicelluloses can be prepared by ring-opening
graft polymerization using caprolactone as the monomer (Farhat
et al., 2018), or oxidation and further etherification (Borjesson et al.,
2019; Deralia et al., 2021) of the side chains. These introduced chemical
moieties act as internal plasticizers of the modified hemicelluloses,
increasing the thermal processability, rheological properties, and
thermo-mechanical properties of the derived materials. In agricultural
side streams, hemicelluloses are natively covalently bound to hydrox-
ycinnamic acids such as ferulic acid, which confer the hemicellulosic
chains with important bioactivities such as radical scavenging, antiox-
idant, and antibacterial properties (Ruthes et al., 2017). These feruloy-
lated hemicelluloses can be used as matrices for the preparation of
antioxidant films or hydrogels (Nino-Medina et al., 2010; Yilmaz-Turan
et al., 2020), with potential applications as active food packaging and
biomedical devices.

In parallel to the chemical modification of lignocellulosic polymers
from agricultural resources, enzymes can be applied to fine-tune the
substitutions of hemicelluloses and even to introduce new functional-
ities in the polymeric chains (Martinez-Abad et al., 2016; Vuong and
Master, 2022). The use of enzymatic catalysis instead of chemical
catalysis has a lower environmental fingerprint, as these procedures can
be performed at low temperatures and in aqueous conditions, avoiding
the use of hazardous chemicals (Hauer, 2020). The fine structure of
arabinoxylan from agricultural resources, the degree of substitution, and
the molecular weight can be adjusted by different glycosyl hydrolases (e.
g., arabinofuranosidases and xylanases, respectively), which have a
large influence on the material properties of the resulting films (Hoije
et al., 2008; Sternemalm et al., 2008). Oxidative enzymes, such as
galactose oxidases, can be used to regioselectivity introduce carbonyl
groups in the hemicellulose structures (Parikka et al., 2010), which
enable the preparation of hydrogels and aerogels with improved rheo-
logical and mechanical properties (Mikkonen et al., 2014; Parikka et al.,
2012). These oxidized hemicelluloses can be further modified
chemo-enzymatically to expand the range of functional groups (e.g.
amino groups, click functionalities) toward advanced structural and
biomedical applications (Aumala et al., 2019; Xu et al., 2012). Other
oxidative enzymes, such as lytic polysaccharide monooxygenases
(LPMOs) are capable of oxidizing the surface of crystalline cellulose fi-
brils introducing carboxylic acids in a regioselective manner without
compromising the mechanical integrity of the fibers, therefore pro-
moting the preparation of cellulose nanofibers and nanocrystals (Kar-
naouri et al., 2020; Koskela et al., 2021). Oxidoreductase enzymes, such
as laccase and peroxidases, can be used for the covalent crosslinking of
feruloylated arabinoxylans derived from cereal sources, thus enabling
the preparation of polymeric hydrogels with large potential in food and
biomedical applications (Munk et al., 2020; Yilmaz-Turan et al., 2022;
Zhang, X. et al., 2019a,b).

As discussed earlier, lignin is the second most abundant natural
polymer and the only industrially viable/renewable feed stock rich in
aromatic monomers. Chemically lignin is an amorphous polymer
comprised of three major phenylpropanolic monomers (monolignols)
that are linked via carbon and ether bonds. However, it still ranks as the

Journal of Cleaner Production 402 (2023) 136815

most underutilized feedstock in the bioproduct industry (Ha et al.,
2019). Lignin can be converted into an array of useful chemicals
replacing petroleum-based feedstock through different conversion ap-
proaches including gasification, pyrolysis, hydrocracking, acid or alkali
hydrolysis, and catalytic reductive and oxidative transformation. Addi-
tionally, a recently developed approach known as the lignin first
approach has been utilized to convert lignin into valuable chemicals
(Jing et al., 2020).

Due to its high phenolic component concentration, lignin pyrolysis
oil is a prospective source for the synthesis of useful chemicals; however,
due to its high oxygen levels, viscosity, and instability, catalytic pyrol-
ysis, and additional catalytic upgrading are being explored. The catalytic
pyrolysis of lignin has been utilized to produce value-added stable
compounds using a variety of catalysts, such as zeolites (Ben and
Ragauskas, 2012), metal oxide (Mullen and Boateng, 2010), spent fluid
catalytic cracking (FCC) catalyst, alumina (Bouxin et al., 2015), metal
chlorides (Zhu et al., 2019), and mesoporous materials (Wang, S. et al.,
2022a,b). As per reports, elevated temperatures and catalyst contents
(catalyst-to-lignin ratio) can result in higher aromatic hydrocarbons.
Higher temperature helps in opening the catalytic pores, and an increase
in catalyst leads to the growth of the overall acid sites. Hydro-
deoxygenation of lignin pyrolysis oil (LPO) is considered as the most
efficient rout to convert LPO into deoxygenated biofuels and other
valuable chemical products. Briefly, the oxygen from aromatic rings of
LPO has been removed in the presence of hydrogen and metal catalyst.
The removal of oxygen from methoxy and hydroxyl group is carried out
in the form of water and methanol (Cesari et al., 2019).

4. Circular economy and a new perspective for lignocellulose
biomass use

4.1. Biofuels

4.1.1. Overview of biofuels

The environmental impacts of climate change associated with the
tendency to reduce dependence on fossil fuels boosted contemporary
society’s search for renewable sources. Countries have played a leading
role in this process, especially China, India, the United States, Brazil, and
the European Union (OECD, and FAO, 2021). In the European Union
(EU), the share of renewable energy in the final gross consumption of its
Member States reached 22% in 2020, with its target of 32% by 2030.
However, some sectors still depend significantly on petroleum-derived
fuels as the European transport system, as 92% of energy consumption
was from fossil sources in 2017 (EEA, 2022). For this reason, one of the
European community’s strategies to reduce greenhouse gas (GHG)
emissions is to eliminate and replace fossil fuels with energy from
renewable sources by 2050 (Popp et al., 2021). In Brazil, the Renovabio
Law established a 10% reduction in GHG emissions in the fuel sector by
2028 (OECD, and FAO, 2021). In that country, the proportion of anhy-
drous alcohol mixed with gasoline reaches 27%, and the biodiesel
mixture coefficient is 11%. In 2021, around 88% of 1.6 million new cars
licensed in Brazil were flex-fuel (gasoline and ethanol) (ANFAVEA,
2022). The United States and China adopt a 10% blend of ethanol in the
fossil fuel used by the transport sector (OECD, and FAO, 2021).

This scenario boosted the production of first-generation biofuels (1G)
such as ethanol, biodiesel, and biogas due to their renewable character
(AliAkbari et al., 2021). In 2019, the global production of biofuels
reached 159 billion L, especially ethanol and biodiesel. The United
States (48.2%) and Brazil (26.7%) accounted for around 75% of the
global production of 1G ethanol (total of 115 billion L), while the EU
(32.3%) and the United States (18.1%) produced 50% of global biodiesel
(total of 41 billion L) (OECD, and FAO, 2021). Global biogas production
totaled 62.3 billion m® (or 1.43 EJ), with an annual growth rate of 9%
from 2000 to 2019 (WBA, 2021). Europe stood out, producing 30.6
billion m® of biogas, or about 50% of the global total, with energy
equivalent to 0.70 EJ in 2019 (WBA, 2021).
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The production of 1G ethanol is mostly from starch (corn, potatoes,
and tubers) (59%) and sugar (sugarcane, beets, and fruits) (24%), while
about 73% of biodiesel is based on vegetable oils (14% rapeseed, 24%
soy, and 31% palm) or used cooking oils (20%) (OECD, and FAO, 2021).
This feature emerged in a debate related to the competition between
crops for food production versus energy (Jain et al., 2022). In this
context, EU Directive 2015/1513 set a maximum of 7% of biofuels
derived from cereals, starch, sugars, and oilseeds by 2020 (including
those grown for energy on agricultural land) for the transport sector
(Hassan et al., 2019). The debate on producing food versus fuel as a raw
material potentiated the alternative of LCB, from agro-waste, as a raw
material for 2nd generation (2G) biofuels, especially in developed
countries (Kapoor et al., 2020). The EU aims to get 25% of its energy
from the transport sector through second-generation biofuels (Hassan
et al., 2019). In the United States, the Energy Policy Act of 2005, pub-
lished as the Renewable Fuels Standard (RFS), had the main objectives
to increase biofuel production to 136 billion L by 2022 and encourage
the production of 2G ethanol (Banu et al., 2021). Therefore, 2G biofuels
using LCB add value to forest, agricultural, urban, and industrial waste,
promoting the circular economy, reducing GHG emissions, and
contributing to solid waste management in contemporary society.

Lignocellulosic
biomass

Pentose
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4.1.2. Second-generation biofuels

Lignocellulosic biomass is one of the best alternative substrates to
produce biofuels and an excellent substitute for first-generation raw
materials due to its abundance and availability, being a low-cost
renewable resource, and allowing the recovery of waste, promoting
the circular economy (Devi et al., 2022; Wang and Lee, 2021). There-
fore, 2G ethanol produced from LCB is an exciting energy alternative,
especially for countries that generate a significant amount of agricul-
tural and forestry waste, such as Brazil, China, India, and the United
States (Devi et al., 2022).

Cellulose and hemicellulose, present in LCB, are raw materials for
second-generation biofuels. As a valued raw material, the global market
projects the growth of cellulose fiber from US$21.5 billion in 2017 to US
$41.5 billion by 2025 (Banu et al., 2021). Despite high availability, there
is no straightforward process to convert lignocellulosic biomass into
biofuel. Furthermore, the recalcitrant effect of lignin, the third compo-
nent of LCB, affects biofuel processes by introducing a pre-treatment
step to degrade lignocellulosic material (Velvizhi et al., 2022). The
pre-treatment step is essential, as it brings about several changes in the
biomass and directly influences the sugar conversion efficiency (Liu
et al., 2021). Therefore, a series of processes are required for biocon-
version, from pre-treatment to hydrolyze cellulose and hemicellulose
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into their fermentable sugars, fermentation, and finally, the distillation
of the fermented broth (Liu et al., 2021). Two pathways for converting
LCB into biofuels are highlighted: thermochemical conversion and bio-
logical conversion (Chintagunta et al., 2021) (Fig. 5). In thermochemical
conversion, raw materials’-controlled heating or oxidation generate
energy products, especially pyrolysis, and gasification (Kapoor et al.,
2020; Rodionova et al., 2021). The pyrolysis of biomass produces solid
(biochar), gaseous (CO,, CO, CHy4, Hy), and liquid (bio-oil), which is
further processing produce methanol, ethanol, biohydrogen (Devi et al.,
2022; Rodionova et al., 2021). The biological conversion (bioconver-
sion) from LCB is possible to produce liquid (ethanol and biobutanol,
biodiesel) (Uthandi et al., 2022; Wang and Lee, 2021) and gaseous
biofuels (biomethane and biohydrogen) (Banu et al., 2021; Kapoor et al.,
2020).

Biological conversion is the most common method to produce
ethanol compared to thermochemical conversion due to its high con-
version efficiency and selectivity (Wang and Lee, 2021). This conversion
pathway of converting LCB into ethanol also includes the pre-treatment
phase, followed by enzymatic hydrolysis and the fermentation of sugars
(Kapoor et al., 2020). Fermentation organisms capable of C5 metabolism
consist of yeasts (e.g., Saccharomyces cerevisiae, Pichia stipitis etc.) and
bacteria (Zymomonas mobilis, Clostridium thermocellum etc.) (Wang and
Lee, 2021). Biobutanol can be used as a biofuel or gasoline additive and
has several advantages over ethanol, such as lower volatility, higher
energy content, energy density, and net heat capacity. Furthermore, the
air/fuel ratio and energy content of butanol are close to gasoline (Wang
and Lee, 2021). Various agricultural residues (grass, corn straw, wheat
straw, sugarcane bagasse) are feedstock to produce biobutanol, in which
different species of clostridium i.e., Clostridium acetobutylicum, Clos-
tridium beijerinckii, and Clostridium tyrobutyricum act as fermenting or-
ganisms. However, the lignocellulosic biomass substrate must be
composed of a high percentage of cellulose and hemicellulose and a low
percentage of lignin due to the recalcitrant effect of the polymer (Koul
et al., 2022).

Biodiesel is a renewable and biodegradable liquid fuel that sub-
stitutes petroleum-derived diesel in the transport sector (Uthandi et al.,
2022). Restrictions on the production of first-generation biodiesel have
boosted second and third-generation biodiesel, obtained from inedible
oils (used cooking oil), oils from plants that grow on land unsuitable for
agriculture, or microbial oils (Lopez-Fernandez et al., 2021). LCB is a
feedstock to produce biodiesel from agricultural waste such as rice bran,
inedible oilseeds, coffee grounds, and oil-free cakes because they
contain residual oil (Koul et al., 2022). Another way researched refers to
the use of LCB as a substrate for oleaginous microorganisms (OMs) to
produce lipids (Koul et al., 2022; Uthandi et al., 2022). When cultivated
under specific environmental conditions, these microorganisms can
accumulate 20-70% of oils inside their cells (Uthandi et al., 2022).
Furthermore, OMs could enhance the circular economy and
cost-effective process development (Chintagunta et al., 2021).
Following the trend observed in other second-generation liquid biofuels,
pre-treatment of LCB is necessary to release lignin and make cellulose
more accessible to enzymatic hydrolysis, fermentation with OMs to
produce lipids, and subsequent transesterification of lipids into biodiesel
(Uthandi et al., 2022; Vasaki et al., 2022). In the production of gaseous
biofuels, LCB can be treated by anaerobic digestion (Ghimire et al.,
2021). Biomethane, one of the leading gases generated in the anaerobic
digestion process, is an alternative for the transport sector or can be
injected into the natural gas distribution network (Banu et al., 2021;
Wang and Lee, 2021). However, the recalcitrance of LCB to biodegra-
dation requires a pre-treatment to facilitate the degradation of ligno-
cellulosic materials during anaerobic digestion (Khan et al., 2022).
These authors reviewed the main physical pre-treatments (mechanical,
extrusion, irradiation), thermochemical (hot water, stem Explosion),
chemical (alkali, acidic, organosolv), oxidative (wet oxidation,
advanced wet explosion, ozonolysis), biological (fungal, microbial
consortium, enzyme), and hybride pre-treatment for the use of LCB in
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anaerobic digestion.

Another gaseous biofuel highlighted in the literature is biohydrogen,
which corresponds to hydrogen produced via bioconversion and is
considered a green and clean biofuel. Biohydrogen is a potential alter-
native to fossil fuels due to its high gravimetric-based energy content
and absence of greenhouse gas emissions after combustion or oxidation,
in addition to the possibility of being mixed with natural gas. The pri-
mary raw material for hydrogen production is corn stalks (Medi-
na-Morales et al., 2021). Following the trend of biomethane production,
pre-treatment techniques have been developed to improve the perfor-
mance of the bioconversion process (Khan et al., 2022; Liu et al., 2021).

4.1.3. Barriers and challenges to the use of LCB in the production of
biofuels

2G biofuels have the potential to replace fossil fuels due to the pos-
sibility of using waste from different sources, promoting the circular
economy. However, barriers and challenges emerge to the growth of its
production on a commercial scale, as advanced biofuels supply less than
1% of biofuels (IRENA, 2019). Investments by the EU and the United
States to stimulate the use of various lignocellulosic feedstocks have not
impacted the production of 2G biofuels, as desired. The global advanced
biofuels industry is still small, as only 12 refineries reached an annual
production capacity of more than 10 million L of 2G ethanol at a com-
mercial level in 2018 (IRENA, 2019). Advanced biofuels are subject to
numerous technological, infrastructure, economic, environmental, so-
cial, and political barriers, reflecting the complex nature of the business
environment (IRENA, 2019). This picture can be gauged by some eco-
nomic indicators, such as the cost of biomass, which varies from US$ 22
to US$ 85 per ton, depending on its variability and accessibility (Devi
et al., 2022). Another economic indicator refers to the specific invest-
ment cost per annual production capacity, which reaches US$ 45 per L
for 2G ethanol and only US$ 0.5-0.6 per L for conventional ethanol
(IRENA, 2019). A compilation of the reviewed literature presents the
barriers and challenges to the growth of LCB-based 2G biofuel produc-
tion (Fig. 6).

4.1.3.1. Planting and collection of lignocellulosic biomasses. The first
question refers to the source of LCB that should be obtained from agri-
cultural residues, agro-industrial processes, and the urban solid residue
collection system. Crops as a source of LCB should be restricted to those
grown in degraded areas (Jatropha, Makauba) or unsuitable for food
crops (Banu et al., 2021; Lopez-Fernandez et al., 2021). However,
agricultural waste has a limited ability to meet society’s demand for
fossil fuel replacement. Holmatov et al. (2021) estimated the global
potential for 2G ethanol production based on 123 crop residues gener-
ated in 192 countries and 20 territories. In the optimistic scenario, the
availability of residues (generated in the field during harvest and at
processing sites) to produce 2G ethanol was 50%. The total annual po-
tential of net 2G ethanol production in this scenario would allow 13% of
global oil consumption in the transport sector to be replaced in 2017
(Holmatov et al., 2021).

The use of agricultural residues generated in the harvesting process
demands the promotion of technologies for the in-situ management and
recovery of these residues for industrial applications, such as agricul-
tural machinery for collection, drying, densification, baling, and trans-
port (Kapoor et al., 2020). However, the importance of agricultural
residues in nutrient cycling and soil protection against water erosion, an
issue especially important in tropical and subtropical regions, due to
torrential rains, should be highlighted. Important grain-producing re-
gions, such as the Brazilian Cerrado, develop production systems based
on maintaining high soil organic matter, such as the
crop-livestock-forest system (Costa et al., 2018).

4.1.3.2. Logistics. The logistics sector to meet the supply of LCB to the
industrial sector involves the steps of collection, drying, densification,
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transport, and storage, which vary depending on the type and source of
LCB (Hassan et al., 2019). These authors highlighted aspects such as the
geographic decentralization of LCB generating sources, the seasonality
of the supply, the variability of the moisture content, the density of the
raw material and its contamination, proximity of the LCB generating
area concerning the biorefinery and availability of facilities for storage.
The infrastructure of roads, railways, and ports should be added. These
issues are potentiated in emerging countries, such as Brazil, due to its
continental dimensions and contrast of logistical structure in the terri-
tory (Mancini et al., 2021), and in the African continent (Cristovao et al.,
2021).

4.1.3.3. Research and technological development. Technological ad-
vances, new industrial methods, and new infrastructures in agribusiness
are guidelines highlighted by several researchers to improve the pro-
ductive and economic performance of the production of 2G biofuels
(Melendez et al., 2022; Sherwood, 2020). Regardless of the type of 2G
biofuel to be produced, or the LCB conversion route (thermochemical or
biological), pre-treatment is seen as a step that raises production costs,
requiring the development of more economically viable and sustainable
techniques (Khan et al., 2022; Wang and Lee, 2021). In the way of
thermochemical conversion of LCB into 2G biofuels, the low quality and
high acidity of the bio-oil are the main limitations for the use of bio-oil
obtained from the pyrolysis of biomass, requiring the upgrade by
hydrodeoxygenation (Wang and Lee, 2021). In the LCB biological con-
version pathway, the main recommendations refer to genetic manipu-
lation and metabolic engineering for the development of
microorganisms and enzymes (Kapoor et al., 2020; Liu et al., 2021). In
the conversion of cellulose into biofuel, the pre-treatment of LCB is
followed by the enzymatic breakdown and its conversion into ethanol,
allowing us to foresee a considerable future demand for cellulase en-
zymes (Devi et al., 2022; Kapoor et al., 2020). The genetic engineering of
oleaginous microorganisms (OMs) associated with the process of
bioconversion of LCB as a substrate in the production of biodiesel would
reduce the cost of the processes and increase their efficiency (Chinta-
gunta et al., 2021; Uthandi et al., 2022). Sherwood (2020) indicates
other areas for the development of anaerobic digestion of LCB, such as
reactor designs and technology for process monitoring and control. Devi
et al. (2022) indicate strategies for co-production, reuse of LCB to
maximize the use of resources and aggregation of value in the waste
generated during the process.

4.1.3.4. Circular economy policies. Sustainability is a global pollical

objective, the Sustainable Development Goals (SDG) promote a global
framework aiming for environmental protection, reducing climatical
change effects, promote quality of life, among others (Ziegler et al.,
2023). There are government initiatives to implement affordable pol-
icies to encourage the circular economy. The desire of the European
Union (EU) Green Deal to restructure industrial sectors to promote the
circular economy, to minimize negative environmental impacts on the
issue of production and consumption (Lukkarinen et al., 2023).

An important role for governments is the creation of new bioresource
policies that encourage technological, socioeconomic, and institutional
innovations for a circular economy (Kapoor et al., 2020). There are
institutional challenges that refer to the standards evaluation, laws, and
rules, to recycling procedures to obtain new products with high quality.
With this situation, there are challenges regarding tax laws relating to
recycled products. This unclear scenario creates financial barriers
regarding economic costs in the circular economy implementation sys-
tems in the agri-food sector (Abbate et al., 2023).

4.1.3.5. Government and market policies. The biofuels sector, 2G, is
influenced by the market environment. Therefore, the government can
promote the growth of the sector, through economic policies and in-
centives. In 2020, the COVID-19 pandemic caused an 8.5% drop in the
global use of transport fuels, compared to 2019, causing an 8.7%
reduction in the use of biofuels due to restrictions on the movement of
people and disruptions in commercial logistics across the planet (OECD,
and FAO, 2021). During this period, the production of biofuels was
affected by the rise in commodity prices, such as corn and vegetable oils,
associated with the fall in fossil fuel prices. However, government sup-
port has eased some of the pressure on markets, in addition to the
growing use of ethanol in the industry as a disinfectant during the
pandemic, allowing the production of biofuels to be sustained (OECD,
and FAO, 2021). An important government role to promote the growth
of the biofuels chain is to provide adequate infrastructure, including port
facilities and roads, to connect feedstock producers and biorefineries, in
addition to tax cuts and subsidies offered to biofuel producers, manda-
tory regulation, application mechanisms, and investment in
non-traditional raw materials for the production of biofuels, such as LCB
(Melendez et al., 2022; OECD, and FAO, 2021).

(Sherwood, 2020) argued that the duration of a sustainable biomass
production certificate can last up to 5 years, like the Forest Stewardship
Council (FSC) certification for forestry. This author suggests that a
greater requirement for biomass producers to sustainably manage land
use over a longer period would promote the circular economy. The
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competitiveness of the production and commercialization of biofuels,
especially the production of 2G, concerning fossil fuels, which have a
much longer period of development and maturation of processes, should
not be reversed in the near future. However, energy systems aimed at the
transport sector and based on biomass are one of the main solutions for a
sustainable and low-carbon society. The integration of processes, the
recovery of generated waste, and the development of other value-added
products should enable biorefineries to produce biofuels based on
lignocellulosic biomass.

4.2. Bioplastics

Bioplastics are the ones that are biodegradable and/or are made from
renewable sources (Fredi and Dorigato, 2021; Kawaguchi et al., 2022),
as can be seen in Fig. 7. The production of bioplastics reached 2.1
million tons in 2020 (Fredi and Dorigato, 2021), while the total plastic
production was 367 million tons in the same year (Plastics Europe,
2021). However, the raw material and microbial process costs and the
need for purification for later polymerization hinder the competition
between bioplastics and petrochemical plastics. Even so, it is possible to
produce traditional polymers bio-based, such as biopolyehtylene and
biopropylene, which use natural raw materials, and the bioPET
—polyethylene terephthalate, which usually has only one of its raw
materials from natural sources (Fredi and Dorigato, 2021; Jorda et al.,
2019). Consumers of these green versions are willing to pay a higher
price for materials with lower environmental impact, mainly green-
house gas emissions (Prasanth et al., 2021). However, besides cost, this
option has other issues, including environmental problems: 1) these
plastics present properties similar to the petrochemical ones, i.e., they
are not biodegradable, and if their waste were not conveniently treated,
they can end up in landfills or even in streets, rivers and ocean, where
they can probably generate microplastics during the time (Garcia-De-
praect et al., 2021; Ita-Nagy et al., 2020), 2) they are usually produced
with edible raw material, such as sugars that can be converted to bio-
ethanol by fermentation (and this in ethyelene and polyethylene, for
instance) (Kawaguchi et al., 2022). These aspects raise discussions such
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as the use of a great deal of land to produce plastics (and not food) that
can be transformed into one-way products and bring the already cited
problems when they become waste (Escobar and Britz, 2021; Ita-Nagy
et al., 2020).

In contrast, polymers usually employed in more demanding and/or
long-life  applications can be bio-based, such as poly-
methylmethacrylate, polyurethanes, and polyamides. They can be
partially produced with by-products of itaconic acid, industrially ob-
tained from glucose fermentation. Efforts have been made to produce
this acid from other lignocellulosic biomasses, such as beech wood,
bamboo, corn stover, wheat bran, and wheat chaff, to reduce the cost of
obtaining it by 50%. However, obtaining fermentable sugars from
lignocellulosic materials is still expensive (Kawaguchi et al., 2022). For
instance, only 0.3% of the worldwide bioethanol production in 2017 was
second-generation bioethanol, produced with agricultural waste mainly
in Europe, China, and the United States. There is no information on the
percentage of this bioethanol used to produce bioplastics, even
bio-based versions of traditional plastics such as polyethylene and
polypropylene (Mendieta et al., 2020). Forest waste (e.g., Pinus),
agro-industrial waste (such as the paper industry), or even food waste
(such as bread waste) can also produce bioethanol (Narisetty et al.,
2021; Suvachan et al., 2021).

The employment of lignocellulosic biomasses from agricultural
waste to produce bioplastics may probably bring a cost reduction and
solve one of the related problems (no land would be used for this,
leaving the land free for food production). Several non-edible sources
have been investigated as lignocellulosic feedstock, such as apple
pomace, banana peels, coconut fiber, coffee husks, corn stover, corn cob,
grape pomace, mango peels and stones, pineapple leaf, rice husk, rice
straw, spent coffee grounds, sugarcane bagasse and wheat straw (Lu
et al., 2022; Otoni et al., 2021). Using these raw materials to obtain
biodegradable plastics could diminish the waste problem, although
some discussions can and will be raised on this aspect (Goel et al., 2021;
Kawaguchi et al., 2022). In addition, biodegradable plastics usually have
some final properties lower than the ones presented by traditional
petrochemical plastics, hampering their employment as an alternative

Bioplastics
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Fig. 7. Classification of bioplastics. Some bioplastics can also present both raw materials (biobased and petroleum-based). Agricultural wastes can produce a variety

of bio-based plastics (biodegradable or not).
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and the establishment of a circular economy based on non-edible LCB
(Otoni et al., 2021; Prasanth et al., 2021). It is a fact that the aromatic
nature of lignin attracts researchers who aim to optimize its use as
reinforcement in polymeric molecules in the form of blends with other
polymers (normally bio-based) or new bio-based polymers, such as
cinnamate-based polyesters, truxillic acid-based polyimides, bio-based
polybenzazoles, and itaconic acid polyamides (Kawaguchi et al., 2022;
Mariana et al., 2021). Bio-based composites can also help achieve the
goal of good performance and low cost: a techno-economic evaluation
study revealed that a biorefinery producing lignin-based polyurethanes
foams and cellulose-based biocomposites from wood barks would bring
a return of the capital employed of 15.5% and 6.4 years of payback
period (Ajao et al., 2021).

Despite difficulties, some biodegradable and bio-based polymers are
available such as polylactic acid (PLA) and poly (butylene succinate)
(PBS). PLA can be produced from bio-based lactic acid, and its global
production reached 190 thousand tons in 2019 worldwide. PBS is
chemically produced from 1-4- butanediol (petrochemical source) and
bio-based succinic acid (Kawaguchi et al., 2022). Other common bio-
plastics are polyhydroxyalkanoates (PHAs), such as poly
(3-hydroxybutyrate) (PHB) and poly(3-hydroxyvalerate) (PHV). They
are produced and used as carbon and energy storage by some bacteria
after the fermentation of available sugars. The higher price of the
biodegradable and biobased polymers has stimulated research on waste,
such as milk whey, used cooking oil, as well as rice straw, rice husks,
corn stover, and even starchy wastewater, like the ones from the cassava
processing industry (Chavan et al., 2021, 2022). As can be seen in Fig. 1,
bioplastics can be petroleum-based since they are biodegradable, such as
poly (butylene adipate-co-terephthalate) (PBAT) and polycaprolactone
(PCL). Mainly PBAT is commercially available in an application that
seems perfect for biodegradable plastics: biodegradable mulches
(BDMs). After use, these films biodegrade, being incorporated into the
soil and not hindering the next harvest. Therefore, researchers try to
obtain BDMs from inedible biomass, such as orange peels and spinach
stems (Merino et al., 2021).

The increasing production and diversity of bioplastics raise concerns
about recycling these materials, especially the biodegradables, since the
non-biodegradables are typically green versions of petrochemical ones
and can be mixed with petroleum-based polymers in a recycling facility.
The biodegradable plastics, produced from agricultural non-agricultural
waste, must be separated from the rest of the plastics and from each
other to make recycling feasible and high-quality. With this in mind,
PLA, the most produced and discarded biodegradable plastic, must be
the initial target of recycling streams only with biodegradable plastics
(Fredi and Dorigato, 2021).

4.3. Lignocellulosic materials at nanoscale regime

Nanotechnology opens the door for a whole range of sustainable and
renewable industrial lignocellulosic biomaterials related to cellulose,
lignin, starch, and other constituents at the nanoscale by exploiting
wood and other plant biomass to impart greater functionalities. By uti-
lizing the “quantum effect”, these nanometer-sized building blocks give
rise to unique properties such as inherent strength (high specific Young’s
modulus), large surface area, optical transparency, variable to low
thermal expansion coefficient, flexible surface chemistry, nontoxicity
and so on, to nano-enabled biomass-based products that can be easily
applied to lignocellulosic sensors, self-cleaning surfaces, electronic de-
vices, pharmaceutical materials, etc., that have potential to replace the
petroleum-based commodities (Lucia and Rojas, 2009). At this scale, it is
interesting to probe the biomass for its nanostructures and composition
by utilizing high-end characterization techniques, including various
microscopy and spectroscopy, and analytical tools for measuring their
properties at the nanoscale. The size of such nano entities is measured by
microscopy techniques such as atomic force microscopy (AFM), and
transmission electron microscopy (TEM), or it is deduced from
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small-angle neutron or X-ray scattering (SANS, SAXS, XRD) or by dy-
namic light scattering (DLS) reported as hydrodynamic radii (Beecher
et al., 2009). Cellulose at the nanoscale is categorized depending on its
sources and extraction processes into micro/nanofibrillated, nano-
crystalline (nanowhiskers/nanowires), and bacterial cellulose.

Fibrillated cellulose has nanostructured aggregates that exhibit
crystalline and amorphous portions of length in the range of several
micrometers with lateral dimensions within 3-100 nm, depending on
the source, pretreatment (mechanical, enzymatic or acid hydrolysis, or
oxidant based) and further preparatory processes (Yu et al., 2021).
Cellulose nanocrystals (CNC) are rigid rod-like particles with a typical
needle-like structure that have monocrystalline domains of 1-100 nm in
diameter and up to hundreds of nanometers in length. CNC of various
dimensions extracted from different sources have been reported such as
100-1000 nm long and 10-50 nm wide from bacterial sources, 70-300
nm long and 5-10 nm wide from cotton; while 100-300 nm long and
3-5 nm wide from wood (Fortunati et al., 2016). The morphological
characteristics of nanocellulose obtained from various biomass sources
are shown in Fig. 8a-1.

CNC extracted from sea animals or tunicates have larger dimensions
due to the presence of a greater number of crystalline domains compared
to the amorphous regions. While the purification steps start with the
removal of lignin and hemicellulose matrices followed by the homoge-
nization process in the case of plant biomass sources, bacterial cellulose
is formed utilizing biotechnological assembly of low-molecular-weight
carbon sources excreted from the pores of Komagataeibacter bacterial
cells, that are cultivated in common aqueous nutrient media. Hundreds
of thousands of glucose molecules polymerize with the help of cellulose
synthase enzyme behind the pores. This results in the formation of a
bacterial cellulose nanofibre network with 20-100 nm diameter and
several micrometers in length having mechanical stability and high
crystallinity (Vadanan et al., 2022). The cellulose yield depends on
various bioprocessing factors such as the type of growth medium, tem-
perature, DO, pH, temperature, etc. The properties such as colloidal
stability in polar solvents/water, size, and crystallinity index determine
the quality and consistent performance of CNC. The particles are
colloidally stable when they are well dispersed and resist aggregation or
sedimentation in the solvent, and this property determines the viscosity,
shelf life, and processing efficiency of CNC (Vanderfleet and Cranston,
2021).

Cellulose at the nanometer scale targets properties like aspect ratio
and crystallinity index. While a high aspect ratio promotes the self-
assembly of CNC into liquid crystalline phases that give rise to uni-
form and strong percolated networks giving robust interfaces, crystal-
linity influences its mechanical, chemical, and thermal characteristics
(Lagerwall et al., 2014). Assembling nanocellulose fibrils into bulk mi-
crofibrils by various methods such as wet twisting/dry fixing and
microfluidic spinning methods have shown remarkable enhancement in
tensile strength (800 MPa andl.6 GPa, respectively) and Young’s
modulus (66 and 86 GPa, respectively) compared to conventional bulk
cellulose paper (Guan et al., 2020; Li et al., 2021). Nanopaper made of
nanocellulose assembled free-standing films or coatings on substrates
with high packing density shows tremendous gas barrier performance,
and its tunable porosity provides desired optical transmittance and
thermal conductivity properties, making it an excellent material for
packaging applications (Hsieh et al., 2017; Lin et al., 2019).

Lignin nanoparticles (LNP) are eco-friendly entities produced by
chemical or physical methods from various sources and are finding their
application as reinforcing and packaging materials, thermal or light
stabilizers, dispersants, biocompatible and degradable materials, coat-
ings, and adhesives. The chemical synthesis processes include anti-
solvent precipitation using acids, water or supercritical COg, self-
assembly, aerosol flow synthesis, ice segregation-induced self-assem-
bly, etc., while mechanical treatments utilize homogenizer, ultrasonic
irradiation, etc (Luo et al., 2022). While the former can produce uniform
(spherical, hollow, quasi-spherical), well-dispersed, and pH-stable
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Fig. 8. Morphology of nanocellulose derived from three different biomass resources: SEM morphology, TEM image, AFM image, and the diameter distribution of the
fibers from the AFM image of (a-d) from the shrub branch, (e-h) from wheat straw; (i-1) from poplar residue, respectively. Adapted from (Qi et al., 2020). (m—p) TEM
images of lignin nanoparticles derived from corn cob at different levels of acetylation. Adapted from (Wang et al., 2019). Copyright American Chemical Society.
FE-SEM images of sweet potato derived (q,s) native starch and (r,t) starch nanoparticles at 10 pm and 2 pm scale, respectively. Adapted from (Wang, J. et al.,

2022a,b).

nano-lignin (shown in Fig. 8 m-p), the latter may give broad distribution
ranging from large micron-to nano-sized particles. Its mechanical
strength, UV shielding, antimicrobial, flame resistance, and antioxidant
properties have been widely investigated, making it an excellent
candidate for introducing functionalities to the polymer matrix while
overcoming the disadvantages of inorganic nanomaterials with similar
characteristics.

Several examples of nanocomposites, such aslignin-based-Ag™ ions,
films of LNP/CH/PVA, LNP/CNC/PVA, and the composite of modified
LNP with Cu and Zn have been tested for improved bactericidal prop-
erties for a range of pathogens (Richter et al., 2015; Yang et al., 2016).
The polyphenolic structure and a high number of phenolic hydroxyl
groups of spherical and colloidal LNPs synthesized from various sources
have been used for increased UV absorption and antioxidant properties,
paired with low light transmittance making it an excellent constituent of
sunscreen cosmetic creams (Chen et al., 2018; Qian et al., 2017).

Starch is another plant-derived semicrystalline polymer that exists in
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the nanoscale in the form of starch nanocrystals (SNC) and starch
nanoparticles (SNP), and its nanostructures may go up to 1000 nm scale
(Tagliapietra et al., 2021), as shown in Fig. 8(g-t). SNC is considered to
be highly crystalline smaller starch granules obtained by acid hydrolysis
associated with the amylose content to the greater organization of
polymeric starch chains, hence depending on the botanical sources. SNP
consists of crystalline as well as amorphous regions and can be obtained
by the usage of organic acids, enzymes, and ionic liquids in the pro-
cessing stages. The size of nanostarch depends on the synthetic methods
such as nanoprecipitation, alkaline freezing, crosslinking, and H2SO4
hydrolysis, as it is reported that the starch produced by the nano-
precipitation method was 100 nm granules, while hydrolysis with HoSO4
gave 800 nm granules (Tagliapietra et al., 2021). Starch nanoparticles
are known for their application as stabilizers in Pickering emulsions,
where the size and zeta potential of the nanoparticles are important
parameters for the stability of emulsions (Shao et al., 2018). Another
ongoing research on testing biocompatible starch nanoparticles as
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nanocarriers of bioactive molecules shows a lot of scope and potential
for their use in the food and pharma sector (Ahmad et al., 2019).

4.4. Biocomposites

4.4.1. Environmental remediation

With the steep rise in the world’s water consumption and ever-
increasing water demand for agriculture, household, and industrial ac-
tivities, water and wastewater remediation has become central to safe-
guarding human and environmental health. Lignocellulosic biomass is a
sustainable and eco-friendly resource for preparing high-performance
biochar and other biocomposites for environmental remediation
(Table 1). Biochar is a renewable and industrially viable adsorptive
material with high surface area, carbon content, and porous structure
made by thermochemical treatment of lignocellulosic residues from
agriculture, aquatic, forests, and herbaceous stocks. The production of
biochar involves any of the three decomposition processes, namely,
pyrolysis (in the presence or absence of oxygen), hydrothermal
carbonization, and gasification, and there exist numerous ways of
modifying biochar that add to its functionalities and enhancing removal
capacity toward a variety of water and air pollutants (Yaashikaa et al.,
2019). Physical activation includes passing steam for creating functional
groups (OH, COOH, phenolic, etc.) on the biochar surface or treating
with various gases (CO,, O2, N, etc.) to increase the surface area and
pore volume (Qin et al., 2022). The chemical modification involves
treating the biochar with inorganic acids or alkali hydroxides to induce
functional groups beneficial for cation and anion exchange capacities,
polarity, and increased porosity for improved adsorption characteristics.
Biomass is also dissolved in chlorides, nitrates, or oxides of Mg, Al, Ca,
Mn, Zn, Fe, Co, etc., followed by pyrolysis for obtaining chemically
activated or magnetic biochar (Yaashikaa et al., 2019). Biomass pre-
treatment by anaerobic digestion or other bacteria followed by pyrolysis
has been shown to increase cation adsorption capacity, hydrophobicity,
and porosity of biochar as per the biological activation method. Another
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way to make high-performance modified biochar is by producing coated
biocomposite with nanomaterials such as graphene, CNT, graphene
oxide, metal oxide nanoparticles, and so on (Shukla et al., 2021). Factors
such as the type of feedstock, processing time, heating rate, and pyrol-
ysis temperature can determine the quality and applicability of syn-
thesized biochar. The common ways of modification or activation of
biochar can be carried out by physical, chemical, and biological pro-
cesses. Biochar or modified biochar has been extensively tested for the
removal of inorganic (heavy metals, anions) and organic pollutants
(dyes, pesticides, antibiotics, emerging organics) from water or waste-
water. The material interacts with these contaminants by various
mechanisms electrostatic attraction/repulsion, polar, non-polar, and
hydrophobic interactions, cation/anion exchange, surface complexa-
tion, and precipitation. Luffa, a natural fiber belonging to the Cucurbi-
taceous family, is a source of lignocellulose that has been used for
making biochar and composites such as Luffa/sodium dodecyl sulfate
anionic surfactant, nano-Zn modified Luffa sponge, Fe-Luffa activated
carbon, etc. have been tested for the removal of Cu (II), Pb (II), Cd (II),
MB, malachite green, U (VI), Cr (II/VD),

Norfloxacin, and so on show moderate to high adsorption capacities
(Khadir et al., 2021). Another study was conducted on the influence of
cellulose and lignin content of tangerine peels (TP) derived biochar on
its structural characteristics and catalytic activity towards perox-
ymonosulfate (PMS) activation essential for phenol degradation in water
(Meng et al., 2020). It showed that the lignin-rich biochar has
microfibrils-bulk type morphology with lesser adsorption capacity,
while cellulose-rich biochar has sheet-like morphology with less oxygen
and more ketonic groups on the surface that facilitates higher adsorption
and PMS activation, leading to better organic pollutant remediation
performance.

Biocomposite of lignocellulosic biomass (olive pits: OP) with mag-
netic TiOo, i.e. TiO,-OP@Fe304, a photocatalyst made by sol-gel and
hydrothermal magnetization processes, showed excellent removal ca-
pacities for dyes (Rhodamine B (RhB), Methylene blue (MB) and Congo

Table 1
Examples of modified and non-modified lignocellulosic material used for environmental remediation.
Material Source Modification Target pollutant Uptake Reference
capacity
Biochar Corn stover Pristine, pyrolyzed at 600 Fluoride 6.42 mg/g Mohan et al.
(2014)
Modified Rice husk Iron oxide was treated, and pyrolyzed at 550 As (V) 1.15 mg/g Cope et al.
biochar (2014)
Modified Bagasse Zinc-nitrate treated, pyrolyzed at 450 Cr (VD) 102.66 mg/g Gan et al. (2015)
biochar
Activated Food waste Anaerobic digestion, pyrolyzed at 400 Methylene blue 9.50 mg/g Sun et al. (2013)
biochar
Natural Luffa Cylindrica - Cd (ID) 6.77 mg/g Shahidi et al.
absorbent (2015)
Modified Pinewood chip CeCl; impregnation Levofloxacin 7.72 mg/g Yi et al. (2018)
biochar
Modified Wheat straw ZnCl, and H3PO,4 Atrazine 150-200 mg/g Zhao et al.
biochar (2018)
Magnetic Rice straw Fe (NO3)3 Anisole, phenol, 70.4,17.2, Li et al. (2017)
biochar guaiacol 23.3 mg/g
Modified Corncob FeCl3 Nitrate 32.33 mg/g Long et al.
biochar (2019)
Activated Coconut shell Steam, 850 °C DCM 2.69 mmol/g Cosnier et al.
carbon (2006)
Activated Coconut shell Steam, 800 8C Cu, 3 wt% SO2 24 mg/g Tseng and Wey
carbon (2004)
(MB-IA)-g- Nanocellulose graft co-polymerization of itaconic acid onto magnetite nanocellulose Co (ID) 349.62 mg/g Anirudhan et al.
MNCC (MNCC) using EGDMA as a cross-linking agent and K,S,0g as free radical (2019)
initiator
Modified Bacterial cellulose Epichlorohydrin + diethylenetriamine Cu (II), Pb (ID) 84. 63 mg/g Shen et al.
cellulose (2009)
CNC-COOH Cellulose Esterification with maleic anhydride Crystal violet 244 mg/g Qiao et al.
nanocrystals (2015)
TEMPO CNEF- Nano fibrillated Oxidized cellulose nanofibrils modified with PEI Cu (ID) 52.3 mg/g Zhang et al.
PEI cellulose (2016)
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Red (CR)) and Cr (VI) from water under visible light (Djellabi et al.,
2019). Another example of a nanocatalyst Cu + Co@OPF is a mixed
metal nanoparticle decorated on LCB (oil palm frond, OPF) produced by
the wetness co-impregnation method for wastewater treatment (Sohni
et al., 2018). It has been used for catalytic reduction of organic pollut-
ants such as Congo red (CR), Methyl orange (MO), Rhodamine B (RB),
Methylene blue (MB), and different nitrophenols such as
ortho-nitrophenol (ONP), meta-nitrophenol (MNP), para-nitrophenol
(PNP), 2, 4-dinitrophenol (DNP), where the order of pollutant removal
was observed as MO > RB > MB > CR in case of dyes and PNP > MNP >
ONP > DNP for nitrophenols, respectively. The rapid breakdown of toxic
organic pollutants was achieved using NaBH4 as a hydrogen and elec-
tron source. Composite made of saw dust-based biochar with kaolinite
and bronsted clay could efficiently treat water by removing total dis-
solved solids (TDS), total hardness (TH), and turbidity with a moderate
to high removal rate (Chaukura et al., 2020).

Micro/nanocellulose derived from lignocellulosic biomass has
emerged as an attractive choice in the diverse application of water
remediation due to the flexibility of surface functionalization/modifi-
cation, stability, and biocompatibility. It has been widely explored as a
material used alone or as a constituent of composites used in the form of
bio sorbents, aerogel and hydrogel adsorbents, ion exchange materials,
flocculants, photocatalysts, filtration, and RO membranes for water and
wastewater treatment (Sharma et al., 2021). Apart from its hydrophilic
nature and controllable surface chemistry, nanocellulose shows poten-
tial for reduction of bio/organic fouling, thus being a suitable option for
solving the basic challenges of membrane technology (Voisin et al.,
2017). These membranes have shown efficiency in the removal of heavy
metals, anions, organics, pathogens, etc., and often proved to function
better at relatively high flux and low pressure than conventional com-
mercial membranes.

Activated carbon derived from lignocellulosic biomass is a versatile
option for its application in trapping air pollutants such as volatile
organic compounds (VOCs), particulate matter, and harmful gases (SO,
NOy, HsS, etc.) (Loomis et al., 2013). The sources of these pollutants can
be industries, power plants, combustion of biomass and fossil fuel,
transportation, etc. To overcome this problem, carbon activated
employing steam/CO2/chemicals impregnation at 500-1000 °C is
employed (Nor et al., 2013). Activation carbon used for gas phase ap-
plications usually has a very high surface area and pore volume. For
example, activated carbon derived from coconut shell prepared by steam
activation exhibited a high surface area of 2278 m?/g and pore volume
of 1.13 crn3/g was tested for adsorption of VOCs (dichloromethane and
trichloroethylene) that showed uptake capacity of 2.69 mmol/g and
6.89 mmol/g for DCM and TCE, respectively (Cosnier et al., 2006).
Biomass impregnated with transition metals such as iron, cobalt, nickel,
and copper was tested for the removal of toluene and NO simulta-
neously, where copper-impregnated activated carbon showed the
highest adsorption capacity (Lu and Wey, 2007).

4.4.2. Sustainable inks for additive manufacturing

The most significant polysaccharide in plant structure is cellulose,
which is one of the most plentiful biopolymers on earth. Cellulose based
biocomposites are used as material extrusion in 3D printing matrices due
to cellulose fiber’s excellent mechanical properties (Wang, Q. et al.,
2018a,b). The principal privilege of cellulose-based materials for 3D
printing is interconnected to their availability, processability, aspect
ratio, sustainability, and appropriateness for chemical functionalization.
Correspondingly, cellulose nanocrystals and nanofibers have been used
as reinforcements in inks designed for additive manufacturing (Kuhnt
and Camarero-Espinosa, 2021). Nanocellulose’s high orientation degree
encourages tailored reflexes to mechanical forces, similar to the design
principles encountered in wood. Furthermore, nanocellulose is capable
of demonstrating thixotropic and shear-thinning properties needed for
extrudable inks. Siqueira et al. (2017) have developed viscoelastic
nanocellulose-based inks for 3D printing by simply distributing the
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extracted CNC particles in water. Likewise, Kam et al. (2019) have
printed complex shapes formed of wood composites by utilizing a
by-product of wood industries called wood flour extracted from smashed
pine, maple, or eucalyptus mixed with a binder made of cellulose which
delivers the ink shear-thinning effects. These two inks can be gained
from factory by-products, and the mechanical properties of the printed
composites are similar to natural woods. Besides, Li et al. (2020) have
printed different objects constructed of cellulose nanofibers with suit-
able properties by using some amount of the UV cross-linkable polymer.

Fig. 9a—c shows the 3D printed cellulose nanocrystal aerogels with
well-controlled and dual porous structures. The inks at various weight
percents of cellulose nanocrystals were designed and 3D printed into
complicated 3D structures. According to Fig. 9c, the average structural
pore size is 600 pm, and the spontaneous pore size distribution ranges
from 20 to 800 pml (Li et al., 2017). Fig. 9d demonstrates various types
of 3D printing systems suitable for lignocellulosic-based materials. To
deposit filament, piston, pneumatic, or screw dispensers mounted on a
motion-controlled positioner or dispense robot is used. However, spe-
cific viscoelastic and rheological qualities are necessary for the printing
materials, such as lignocellulosic-based inks, to be smoothly extruded
from the printing head. The vast majority of ink solutions created with
these materials exhibit a shear-thinning rheological behavior marked by
declining viscosity with a rising shear rate. Fig. 8e demonstrates SEM
images of cellulose nanofibers (CNF) and cross-linked CNFs with
different metallic cations as printing inks, as well as successfully printed
cubes (Mietner et al., 2021).

For uses such as tissue engineering and biomedical applications, the
suspensions of cellulose with shear-thinning characteristics have been
printed utilizing a direct writing approach. This method is useful for
direct paste writing, which is suitable for Cellulose-based suspensions. In
3D printing, cellulose-based suspensions’ rheological characteristics are
crucial. To prevent viscous flow ink and the deterioration of the printed
material, the stability of viscous behavior, which is temperature-
dependent, is required. A lot of studies have been done on understand-
ing coagulation problems and colloidal stability while printing hydrous
suspensions in three dimensions (Hubbe et al., 2017). Cellulose-based
materials are also being selected as 3D printing ink for photo-
polymerization techniques, as a supplementary step in direct writing,
with applications in biomedical materials. The preliminary goal of using
cellulose in photopolymerization methods is to enhance the thermal
stability and mechanical properties of the 3D-printed final product
(Mohan et al., 2020). There are a few other methods, such as digital light
processing (DLP) and stereolithography (SLA) which are used to print
cellulose-based biocomposites containing photoreactive resins. DLP and
SLA can design and produce bone replacements, bone cement, and
medicine delivery devices using cellulose and photoreactive bioresins as
the main constituents (Li et al., 2019; Mohan et al., 2020).

The combination of cellulose with other bio-based polymers like
alginates and gelatines has been broadly studied for the formulation of
hydrogels and aerogels (Fazeli et al., 2022a; Francon et al., 2020;
Hékansson et al., 2016; Li et al., 2018; Zhang et al., 2020) for 3D
printing, expanding the use of cellulose in medical/tissue engineering,
load bearing, and electronics, and wearable applications (Sultan et al.,
2017; Sydney Gladman et al., 2016). Current advancements have also
been made in 3D printing of cellulose biocomposites with excellent
properties using either pure dissolved cellulose (Jiang et al., 2021) or
cellulose by-products like hydroxyethyl cellulose (HEC), methylcellu-
lose (MC), ethyl cellulose (EC), carboxymethyl cellulose (CMC), and
hydroxypropyl methylcellulose (HPMC) (Dai et al., 2019). In circum-
stances where stimuli-responsive qualities are advantageous, a compa-
rable potential has been shown in the field of 4D printing employing
cellulose (Mulakkal et al., 2018; Sydney Gladman et al., 2016). Because
of the wide variety of cellulose-based materials accessible in varied
sizes, forms, and qualities, cellulose may be used for a variety of pur-
poses in 3D printing, including binder, rheology modifier, matrix,
excipient, and reinforcement (Xu et al., 2018). Table 2 provides a
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Fig. 9. 3D printed dual pore scaffold aerogel with 20 wt% CNC for (a) a cube and (b) a human nose model, and (c) its corresponding SEM images (Li et al., 2017). (d)
Different techniques for 3D printing of lignocellulosic-based materials. (e) Representative SEM images of CNF and cross-link CNFs with various metallic cations as

inks and their printed samples (Mietner et al., 2021).
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Table 2
Cellulose-based materials in 3D printing (Kalia et al., 2011; Xu et al., 2018).

Target Properties needed Applications in References
to approach the additive
target manufacturing

Binder Cellulose contains A paste’s rheology (Henke and
shear-thinning resembles that of Treml, 2013;
properties thatarea  the binder in 3D Tanwilaisiri et al.,
suitable option fora  printing ink. A 2016)
binder for 3D successful print is
printing powders. made possible by

the cellulose’s
shear-thinning
effect when used as
a binder.
Rheology Cellulose chemical Cellulose maintains (Siqueira et al.,
modifier structure consists of  the proper 2017; Sydney
hydrogen bonds rheological Gladman et al.,
resulting in water properties for 3D 2016)
motion restriction printing, allowing
and viscosity the ink to flow
enhancement. smoothly at high
Shear-thinning shear rates and
behavior causes solidify quickly
hydrogen bonds to when printing is
rupture. complete.

Matrix Dissolved cellulose For accurate, (Kalia et al.,
shows high consistent prints 2011; Wang, H.
viscosity and using 3D printing et al., 2018a,b)
demonstrates shear-  processes like
thinning. material extrusion,

high-viscosity
cellulose is the best
material.

Excipient Cellulose has a This feature can be (Goole and
hydrophilic nature, utilized in Amighi, 2016;
and it allows for applications like 4D  Katstra et al.,
achieving steady printing and drug 2000; Khaled
swelling in water. delivery. et al., 2014;

Khalid and Arif,
2022; Kumar
et al., 2022)

Reinforcement  Cellulose fibers Cellulose fibers as (Huang et al.,
demonstrate high reinforcement in 2019; Miiller
stiffness, high the thermoplastic et al., 2020;

strength, and low
density.

matrices are
generally used as
formulations or
filaments. 3D-
printed cellulose
composites have
demonstrated
enhanced
mechanical
properties.

Sultan and
Mathew, 2018)

summarized outline of the cellulose used in the 3D printing technique
and related applications and properties. The scientific community’s in-
terest in creating and defining novel techniques and materials has been
considerably increased by this potential for using cellulose in 3D
printing.

4.4.3. Biomedical applications

Lignocellulosic materials are enriched sources of natural components
which are necessary for standard medicine and have been recreating a
significant role in drug delivery systems and medicine. These subjects,
with all their pharmacological and chemical challenges, are always
acquiring much more concentration in the scientific community. The
current special subject encapsulates a few of the most responsible
studies in the field of lignocellulosic materials’ use in medicine. The
mentioned research covers the development of separation, extraction,
and purification. Most of the studies have emphasized cellulose, lignin,
and hemicellulose to be used for medicinal purposes and drug applica-
tions. Some outstanding research has focused on developing and
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constructing novel drug deliveries system based on lignocellulosic ma-
terials (Wijaya et al., 2021). Dai and Si (2019), discussed the significant
discoveries on the drug delivery techniques of cellulose-based materials.
Although cellulose still offers certain benefits, the structure of raw cel-
lulose has several inherent flaws. Therefore, different kinds of
cellulose-based nano-drug delivery systems used for pharmacodynamic
actions and functionalization have been investigated, containing pro-
drugs, solid nanoparticles (NPg), and amphiphilic NPs. These impressive
studies nominated many methods for overwhelming the free drug
molecule deficiencies such as suboptimal pharmaco-kinetics, inferior
solubility, and surplus toxicity. Among all the techniques explained in
this review, amphiphilic NPs (containing cellulose/lipophilic drug NPs)
are the most repeatedly employed for producing cellulose-based
nano-Drug delivery systems. Although there are several challenges
with the research on cellulose-based nano-drug delivery systems,
including the lack of a thorough physicochemical report, a thorough
understanding of how the materials described interact with cells both
in-vitro and in-vivo, and parameter optimization. Besides, in the study by
Liu et al. (2018), the function of hemicellulose in pharmaceutical and
medical applications is illustrated. The focus of this collaboration is on
the creation of plant-derived degraded hemicellulose, extracted hemi-
cellulose, and hemicellulose derivatives. The immunological principles
and antimicrobial properties of plain hemicellulose comprising xylan,
xyloglucan, mannan, and f-glucan are shown. Hemicellulose degrada-
tion products such as xylitol, xylooligosaccharides, xylose, mannose,
and arabinose offer some excellent advantages for increasing bodily
processes. The changes in hemicellulose, such as etherification and
esterification can enlarge the medical application in scaffolds. In addi-
tion, the study delivers the benefits of hemicellulose composites and
hemicellulose-based products on wound dressings.

Zhang, L. et al. (2019)a,b study lignocellulosic biomass, and its
chemical components are spotlighted as possible choices for applica-
tions in biomedical. As a matter of fact, the pre-treatment techniques for
extracting cellulose, lignin, and hemicellulose from lignocellulosic
biomass through steam explosion, milling, microwave, irradiation,
ammonia fiber explosion, alkaline hydrolysis, supercritical CO2, oxida-
tion, liquid hot water pre-treatment, acid hydrolyses, and biological
treatments, and their biological applications like biosensor, tissue en-
gineering, drug delivery and so on are outlined. Also, explore the po-
tential of evaluating lignocellulose to produce high-value
pharmaceuticals utilizing current biotechnology and notable tools in
metabolic engineering, genomics, and synthetic biology. Biofuel
research has recently focused on exploiting cellulosic waste, which
makes up a sizable portion of both industrial and agricultural biomass.
Based on their findings, they address current advances in genomic
research of biological lignocellulose species (particularly fungus and
bacteria), as well as how these studies promote the development of the
next generation of carbohydrate-active enzymes and lignin-degrading
enzymes. Following that, the authors investigate the trendiest themes
in metabolic engineering to produce biological products. Connecting the
vanguard genomic research with accomplishments in synthetic biology
and metabolic engineering by managing either a single microbe or a
microbial consortium for the rapid introduction of pharmaceuticals from
lignocellulose, the authors demonstrate the future trends of bioprocess
development and examine how lignocellulosic materials are often used
in drug delivery systems (DDS). As a natural polymer, cellulose has
outstanding optical, rheological, and mechanical characteristics and is
simple to be modified. Oxidation of cellulose surface groups, ether-
ification, and esterification at their hydroxyl groups are the typical
changes in lignocellulosic materials. Different sizes of cellulose-based
production, made via chemical, mechanical, and enzymatic treat-
ments, and their compounds maintain special properties. Drug solubility
behaviour can be altered by cellulose and its by-products, resulting in a
variety of strategies for controlling drug release behaviour. The many
classic and cutting-edge uses of cellulose and its derivatives in medica-
tion delivery systems are thoroughly examined, wishing to investigate
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their possible application in the creation of novel dosage conditions for
pharmaceuticals. In the published paper by (Khan et al., 2019), with
special emphasis on drug loading and release from chitosan-based ma-
terials, the suitability and novel drug delivery applications of chitosan
are highlighted. This study demonstrates how in-depth analyses of the
polymer’s promising non-toxicity, biodegradability, biocompatibility,
and molecular weight variation have made it a desirable candidate for
developing new DDS with a variety of progressive therapeutic applica-
tions, such as gene delivery, organ-specific drug delivery, DNA-based
drugs, and cancer drug carrier.

4.4.4. Cleaner production and waste recycling

The final application of lignocellulosic-based materials nowadays
encounters the restriction specifically on the market for valorizing
lignocellulosic surplus, particularly on the pre-treatment like the cost-
effective and quick production of cellulose (Sindhu et al., 2016). Un-
doubtedly, except for the typical mesophilic anaerobic digestion, most
contemporary lignocellulosic materials-related methods in practical
biorefineries have reached the end of their pilot-scale study (Fazeli et al.,
2022b). It may be necessary to effectively dissolve the lignocellulosic
complex structure to access its main constituents, including cellulose,
hemicellulose, and lignin (Pazhany and Henry, 2019). Based on the
gathered information by Sanchez-Gutiérrez et al. (2021), Most
lignocellulosic-based residues include 30-50% cellulose, whereas lignin
and hemicellulose contain 10-20% and 20-30%, respectively, however,
the amounts may vary depending on the types and portions of the plants
(Sharma et al., 2019). Hemicellulose and cellulose are
monosaccharide-based natural polymers, whereas lignin is an aromatic
polymer that is naturally generated from phenylpropanoid (Sanchez,
2009).

The available methods to recycle the lignocellulosic residue consist
of hydrolysis, pretreatment, fermentation, and post-treatment, like
liquid-liquid separation or distillation. Pretreatment, which comes first,
aims to lessen the recalcitrance of lignocellulosic materials by destroy-
ing their structure, reducing the crystallinity of the cellulose, and
separating their constituent parts (like the removal of lignin content).
Pretreatment of lignocellulosic materials in biorefineries typically costs
around half of the budget (Sindhu et al., 2016). Numerous pretreatment
methods are known nowadays, but each technique contains important
weaknesses in practice. It is good to mention that physical techniques
such as ammonia fiber explosion and steam explosion are
energy-consuming, and chemical processes such as acid, alkaline, and
hot water generate wastewater that needs additional attention.

According to the complex structure of cellulose, hemicellulose, and
lignin, the degradations of these components are always a challenge, and
it is considered the second step of recycling. Even though an enzymatic
method may hydrolyze cellulose and hemicellulose, effective technol-
ogy for the modification of lignin is limited since it uses combustion to
provide energy (Vangeel et al., 2020). Due to the benchmark designed
by Monlau et al. (2012), the amount of lignin in cellulose-based products
is related to how much biomethane is produced. The crystal part of the
cellulose, which is resistant to enzymatic reactions, is another barrier to
the valorization of cellulose-based materials. In biorefinery-produced
alcohols, several methods are suggested regarding the problem, con-
taining simultaneous saccharification and fermentation, consolidated
bioprocessing, and separate hydrolysis and fermentation (Xin et al.,
2019).

In contrast to hexoses, pentoses extracted from hemicellulose
degradation significantly increase the complexities of fermentation, but
naturally, no microorganism ferments both pentose and hexose simul-
taneously. The aggregation of pentose may slow down the fermentation
processes that follow biomass hydrolysis. As an example, Clostridium
thermocellum can only ferment xylose to xylitol, which might compete
with ethanol synthesis by reducing equivalents when hexose fermenta-
tion is taking place. However, pentose has the potential to block glucose
absorption (Verbeke et al., 2017). Hence, procedures such as pentose
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removal, fermentation, and metabolic engineering are needed.
4.5. Platform chemicals

Lignocellulosic biomass has recently emerged as an important
resource for the isolation of value-added chemicals, thanks to the
chemical structures of its components, cellulose, lignin, and hemicellu-
lose (Fig. 10). As per reports, industries use around 75% of platform
chemicals that contain propylene, benzene, ethylene, toluene, and
xylene as their main components. Most of these aromatic compounds
come from the thermochemical degradation of lignin thanks to its aro-
matic nature. Besides, cellulose and hemicellulose have been upgraded
via thermal processes to produce low molecular weight aliphatic com-
pounds (Wettstein et al., 2012).

Pretreatment of biomass is often the first stage in the conversion of
lignocellulosic biomass into fuels or chemicals. The purpose of pre-
treatment is to increase the surface area, decrease the crystallinity, and
remove the hemicellulose from the cellulose to make it easier to hy-
drolyze (da Costa Sousa et al., 2009). Hemicellulose, a branched poly-
mer typically composed of xylose monomers along with C5 and C6
sugars, covers the surface of the cellulose fibrils. Pretreatment of LCB
with a dilute acid removes the hemicellulose and partially removes
lignin from LCB. The deconstruction of hemicelluloses via dilute acid
pretreatment yields a cocktail of monosaccharides, that largely consists
of xylose. The biological processing of xylose yields two significant
compounds, xylitol, and ethanol (Agbor et al., 2011). However, the
conversion of xylose obtained from the hydrolysis of hemicellulose is
more difficult compared to glucose released by hydrolysis. Furfural is
among the important chemical compound wide range of applications
that can be extracted from xylose. Around 60% of the produced furfural
is utilized to produce furfuryl alcohol (tetrahydrofuran and tetrahy-
drofurfuryl alcohol). The remaining 40% of furfural is largely used in
industries like oil refining, agrochemical, pharmaceutical, and plastics
(Rosatella et al., 2011). However, the industrial production of furfural is
still confronted by several constraints that are limiting the industrial
potential of furfural. Among these, a) the occurrence of side reactions
involving furfural and sugars; b) cross polymerization among xylose,
furfural, and other intermediate molecules yielding soluble polymers
and insoluble humins, c) fragmentations of furfural in an acidic envi-
ronment yielding formic acid, formaldehyde, and lactic acid, etc. The
use of a solid acid catalyst system or developing a biphasic reaction
system to produce furfural are among the proposed approaches that can
help on the industrial scale production of furfural.

Hydroxymethyl furfural (HMF) is a flexible platform chemical ob-
tained from biomass that can be utilized to manufacture a wide range of
compounds that are currently produced using petroleum (Steinbach
et al., 2017). HMF is synthesized from C6 sugars via acid (heterogenous
or homogenous acids) catalyzed dehydration. HMF is an excellent ma-
terial for chemical modifications, thanks to hydroxyl and aldehyde
functional groups. Low reactivity arising from the formation of humin is
a major challenge during the synthesis of HMF. A detailed synthesis
pathway and the effect of different acid catalyst systems have been
discussed comprehensively in several review articles (Rosatella et al.,
2011).

5. Final remarks

The use of materials previously considered by-products, such as
lignocellulose from agricultural side streams, is extremely important for
the world economy and the preservation of the environment, seeking to
maximize the use of natural resources, thus boosting the practice of
circular economy. Currently, an accelerated investment is undergoing to
develop lignocellulose-related products and technologies. However,
more serious investments are needed for the maturation and commer-
cialization of the currently available processing and product develop-
ment approaches. The valorization processes and technologies involved
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Fig. 10. Different valuable platform chemicals from lignocellulosic biomass (Reproduced from (Wettstein et al., 2012) with permission of Elsevier).

in this process need to be cost-effective so that the products coming out
from lignocellulose biomass valorization can compete in the current
market. An integrated biorefinery approach is vital to make the entire
value chain of lignocellulosic biomass. Avenues of cost optimization
include cost-effective pretreatment approaches, the development of
efficient enzymes, the complete translation of polysaccharides into
sugars, and process integration. Lignocellulosic biomass is a complex
and recalcitrant resource, which imposes challenges for the efficient
fractionation and utilization of their macromolecular components.
Efficient pre-treatments should be developed for each specific biomass
type, aiming to maximize the recovery and mass balances of the cellu-
lose, hemicellulose, and lignin components. Moreover, the development
of chemo-enzymatic approaches to transform the lignocellulose com-
ponents into new materials with targeted properties constitutes an
important challenge. In recent years, new mild and selective processes to
functionalize the surface of cellulosic fibers and isolated hemicelluloses
have emerged, aiming to upgrade their properties toward the desired
final applications. Bioplastics, from renewable sources or not, usually
have higher production costs and, not rarely, lower final properties than
traditional polymers. Therefore, biomass from agricultural waste has
attracted the attention of researchers worldwide, aiming to produce
cheaper bioplastics. The aromatic nature of lignin has been extensively
explored to obtain better mechanical properties. The nanomaterials
obtained from lignocellulosic are not only interesting from a research
viewpoint, but they also possess a very wide scope of applications with
improved functionality and performance. Their utilization in producing
biocomposites which have in turn found applicability in environmental
remediation, additive manufacturing, biomedical materials, and so on
have been discussed in this review. Apart from producing advanced
functional materials, nanotechnology also has a huge potential in
devising pretreatment methods for lignocellulosic biomass as novel and
economically viable alternatives to conventional methods.

Credit authorship contribution statement
Muhammad Mujtaba: Conceptualization, Investigation, Writing -

Original draft, Reviewing and Editing; Leonardo Fraceto: Conceptual-
ization, Investigation, Writing - Original draft, Reviewing and Editing;

Mahyar Fazeli: Investigation, Writing - Original draft; Sritama
Mukherjee: Investigation, Writing - Original draft; Susilaine Maira
Savassa: Investigation, Writing - Original draft; Gerson Araujo de
Medeiros: Investigation, Writing - Original draft; Anderson do Espirito
Santo Pereirac: Investigation, Writing - Original draft; Sandro Donnini
Mancini: Investigation, Writing - Original draft; Juha Lipponen:
Investigation, Writing - Original draft; Francisco Vilaplana: Writing -
Original draft, Investigation, Reviewing and Editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

All authors are grateful to FinELib and VTT Technical Research
Centre of Finland for the support to make this article open access. L. F.,
S.M.S.,G.A. M, A . E. S. P, and S. D. M., are grateful to the Sao Paulo
Research Foundation (FAPESP - #2017/21004-5), Coordination for the
Improvement of Higher Education Personnel (Capes), and the National
Council for Scientific and Technological Development (CNPq).

References

Abbate, S., Centobelli, P., Cerchione, R., Giardino, G., Passaro, R., 2023. Coming out the
egg: assessing the benefits of circular economy strategies in agri-food industry.
J. Clean. Prod. 385, 135665.

Achinivu, E.C., Mohan, M., Choudhary, H., Das, L., Huang, K., Magurudeniya, H.D.,
Pidatala, V.R., George, A., Simmons, B.A., Gladden, J.M., 2021. A predictive toolset
for the identification of effective lignocellulosic pretreatment solvents: a case study
of solvents tailored for lignin extraction. Green Chem. 23 (18), 7269-7289.

Agbor, V.B., Cicek, N., Sparling, R., Berlin, A., Levin, D.B., 2011. Biomass pretreatment:
fundamentals toward application. Biotechnol. Adv. 29 (6), 675-685.

Ahmad, M., Mudgil, P., Gani, A., Hamed, F., Masoodi, F.A., Magsood, S., 2019. Nano-
encapsulation of catechin in starch nanoparticles: characterization, release behavior

18


http://refhub.elsevier.com/S0959-6526(23)00973-3/sref1
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref1
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref1
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref2
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref2
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref2
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref2
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref3
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref3
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref4
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref4

M. Mujtaba et al.

and bioactivity retention during simulated in-vitro digestion. Food Chem. 270,
95-104.

Ajala, E., Ighalo, J., Ajala, M., Adeniyi, A., Ayanshola, A., 2021. Sugarcane bagasse: a
biomass sufficiently applied for improving global energy, environment and
economic sustainability. Bioresources and Bioprocessing 8 (1), 1-25.

Ajao, O., Benali, M., Faye, A., Li, H., Maillard, D., Ton-That, M.T., 2021. Multi-product
biorefinery system for wood-barks valorization into tannins extracts, lignin-based
polyurethane foam and cellulose-based composites: techno-economic evaluation.
Ind. Crop. Prod. 167, 113435.

AliAkbari, R., Ghasemi, M.H., Neekzad, N., Kowsari, E., Ramakrishna, S., Mehrali, M.,
Marfavi, Y., 2021. High value add bio-based low-carbon materials: conversion
processes and circular economy. J. Clean. Prod. 293, 126101.

Alila, S., Besbes, I., Vilar, M.R., Mutjé, P., Boufi, S., 2013. Non-woody plants as raw
materials for production of microfibrillated cellulose (MFC): a comparative study.
Ind. Crop. Prod. 41, 250-259.

Andooz, A., Egbalpour, M., Kowsari, E., Ramakrishna, S., Ansari Cheshmeh, Z., 2023.
A comprehensive review on pyrolysis from the circular economy point of view and
its environmental and social effects. J. Clean. Prod. 388, 136021.

ANFAVEA, N.A.0.A.V.M., 2022. Brazilian Automotive Industry Yearbook. https://anfa
vea.com.br/anuario2022/2022.pdf, 2022.

Anirudhan, T., Shainy, F., Deepa, J., 2019. Effective removal of Cobalt (II) ions from
aqueous solutions and nuclear industry wastewater using sulfhydryl and carboxyl
functionalised magnetite nanocellulose composite: batch adsorption studies. Chem.
Ecol. 35 (3), 235-255.

Areepak, C., Jiradechakorn, T., Chuetor, S., Phalakornkule, C., Sriariyanun, M.,

Raita, M., Champreda, V., Laosiripojana, N., 2022. Improvement of lignocellulosic
pretreatment efficiency by combined chemo-Mechanical pretreatment for energy
consumption reduction and biofuel production. Renew. Energy 182, 1094-1102.

Armabh, E.K., Chetty, M., Rathilal, S., Asante-Sackey, D., Tetteh, E.K., 2022. Lignin: Value
Addition Is Key to Profitable Biomass Biorefinery, Handbook of Biofuels. Elsevier,
pp. 233-247.

Aumala, V., Mollerup, F., Jurak, E., Blume, F., Karppi, J., Koistinen, A.E., Schuiten, E.,
VoB, M., Bornscheuer, U., Deska, J., Master, E.R., 2019. Biocatalytic production of
amino carbohydrates through oxidoreductase and transaminase cascades.
ChemSusChem 12 (4), 848-857.

Banu, J.R., Kavitha, S., Tyagi, V.K., Gunasekaran, M., Karthikeyan, O.P., Kumar, G.,
2021. Lignocellulosic biomass based biorefinery: a successful platform towards
circular bioeconomy. Fuel 302, 121086.

Baruah, J., Nath, B.K., Sharma, R., Kumar, S., Deka, R.C., Baruah, D.C., Kalita, E., 2018.
Recent trends in the pretreatment of lignocellulosic biomass for value-added
products. Front. Energy Res. 6, 141.

Beecher, J.F., Hunt, C.G., Zhu, J., 2009. Tools for the Characterization of Biomass at the
Nanometer Scale. The nanoscience and technology of renewable biomaterials,
pp. 61-90.

Ben, H., Ragauskas, A.J., 2012. One step thermal conversion of lignin to the gasoline
range liquid products by using zeolites as additives. RSC Adv. 2 (33), 12892-12898.

Bhatia, S.K., Jagtap, S.S., Bedekar, A.A., Bhatia, R.K., Patel, AK., Pant, D., Banu, J.R.,
Rao, C.V,, Kim, Y.-G., Yang, Y.-H., 2020. Recent developments in pretreatment
technologies on lignocellulosic biomass: effect of key parameters, technological
improvements, and challenges. Bioresour. Technol. 300, 122724.

Biswas, A., Saha, B.C., Lawton, J.W., Shogren, R.L., Willett, J.L., 2006. Process for
obtaining cellulose acetate from agricultural by-products. Carbohydr. Polym. 64 (1),
134-137.

Borjesson, M., Westman, G., Larsson, A., Strom, A., 2019. Thermoplastic and flexible
films from arabinoxylan. ACS Applied Polymer Materials 1 (6), 1443-1450.

Bourbiaux, D., Pu, J., Rataboul, F., Djakovitch, L., Geantet, C., Laurenti, D., 2021.
Reductive or oxidative catalytic lignin depolymerization: an overview of recent
advances. Catal. Today 373, 24-37.

Bouxin, F.P., McVeigh, A., Tran, F., Westwood, N.J., Jarvis, M.C., Jackson, S.D., 2015.
Catalytic depolymerisation of isolated lignins to fine chemicals using a Pt/alumina
catalyst: part 1—impact of the lignin structure. Green Chem. 17 (2), 1235-1242.

Cesari, L., Canabady-Rochelle, L., Mutelet, F., 2019. Separation of phenols from lignin
pyrolysis oil using ionic liquid. Separ. Purif. Technol. 209, 528-534.

Chaukura, N., Chiworeso, R., Gwenzi, W., Motsa, M.M., Munzeiwa, W., Moyo, W.,
Chikurunhe, I., Nkambule, T.T., 2020. A new generation low-cost biochar-clay
composite ‘biscuit’ceramic filter for point-of-use water treatment. Appl. Clay Sci.
185, 105409.

Chavan, S., Yadav, B., Atmakuri, A., Tyagi, R., Wong, J.W., Drogui, P., 2022.
Bioconversion of organic wastes into value-added products: a review. Bioresour.
Technol. 344, 126398.

Chavan, S., Yadav, B., Tyagi, R., Drogui, P., 2021. A review on production of
polyhydroxyalkanoate (PHA) biopolyesters by thermophilic microbes using waste
feedstocks. Bioresour. Technol. 341, 125900.

Chen, K., Lei, L., Qian, Y., Xie, A., Qiu, X., 2018. Biomass lignin stabilized anti-UV high
internal phase emulsions: preparation, rheology, and application as carrier
materials. ACS Sustain. Chem. Eng. 7 (1), 810-818.

Chen, Q., Yu, H., Wang, L., ul Abdin, Z., Chen, Y., Wang, J., Zhou, W., Yang, X., Khan, R.
U., Zhang, H., Chen, X., 2015. Recent progress in chemical modification of starch
and its applications. RSC Adv. 5 (83), 67459-67474.

Chintagunta, A.D., Zuccaro, G., Kumar, M., Kumar, S.J., Garlapati, V.K., Postemsky, P.D.,
Kumar, N.S., Chandel, A.K., Simal-Gandara, J., 2021. Biodiesel production from
lignocellulosic biomass using oleaginous microbes: prospects for integrated biofuel
production. Front. Microbiol. 12.

Ciesielski, P.N., Pecha, M.B., Lattanzi, A.M., Bharadwaj, V.S., Crowley, M.F., Bu, L.,
Vermaas, J.V., Steirer, K.X., Crowley, M.F., 2020. Advances in multiscale modeling
of lignocellulosic biomass. ACS Sustain. Chem. Eng. 8 (9), 3512-3531.

19

Journal of Cleaner Production 402 (2023) 136815

Cope, C.0., Webster, D.S., Sabatini, D.A., 2014. Arsenate adsorption onto iron oxide
amended rice husk char. Sci. Total Environ. 488, 554-561.

Cosnier, F., Celzard, A., Furdin, G., Bégin, D., Maréeché, J., 2006. Influence of water on
the dynamic adsorption of chlorinated VOCs on active carbon: relative humidity of
the gas phase versus pre-adsorbed water. Adsorpt. Sci. Technol. 24 (3), 215-228.

Costa, M.P., Schoeneboom, J.C., Oliveira, S.A., Vinas, R.S., de Medeiros, G.A., 2018.

A socio-eco-efficiency analysis of integrated and non-integrated crop-livestock-
forestry systems in the Brazilian Cerrado based on LCA. J. Clean. Prod. 171,
1460-1471.

Cristévao, G.S.F., de Medeiros, G.A., Mancini, S.D., Pessela, J.D., 2021. Index for the
assessment of municipal solid waste management in Angola: a case study in kuito,
bié province. African Geographical Review 1-13.

D’Adamo, 1., Gastaldi, M., Morone, P., 2022. Economic sustainable development goals:
assessments and perspectives in Europe. J. Clean. Prod. 354, 131730.

da Costa Sousa, L., Chundawat, S.P., Balan, V., Dale, B.E., 2009. ‘Cradle-to-
grave’assessment of existing lignocellulose pretreatment technologies. Curr. Opin.
Biotechnol. 20 (3), 339-347.

Dai, L., Cheng, T., Duan, C., Zhao, W., Zhang, W., Zou, X., Aspler, J., Ni, Y., 2019. 3D
printing using plant-derived cellulose and its derivatives: a review. Carbohydr.
Polym. 203, 71-86.

Dai, L., Si, C., 2019. Recent advances on cellulose-based nano-drug delivery systems:
design of prodrugs and nanoparticles. Curr. Med. Chem. 26 (14), 2410-2429.

Deralia, P.K., du Poset, A.M., Lund, A., Larsson, A., Strom, A., Westman, G., 2021.
Oxidation level and glycidyl ether structure determine thermal processability and
thermomechanical properties of arabinoxylan-derived thermoplastics. ACS Appl. Bio
Mater. 4 (4), 3133-3144.

Devi, A., Bajar, S., Kour, H., Kothari, R., Pant, D., Singh, A., 2022. Lignocellulosic
biomass valorization for bioethanol production: a circular bioeconomy approach.
Bioenergy Research 1-22.

Djellabi, R., Yang, B., Sharif, H.M.A., Zhang, J., Ali, J., Zhao, X., 2019. Sustainable and
easy recoverable magnetic TiO2-Lignocellulosic Biomass@ Fe304 for solar
photocatalytic water remediation. J. Clean. Prod. 233, 841-847.

Eea, E.E.A., 2022. Use of Renewable Energy for Transport in Europe. https://www.eea.
europa.eu/ims/use-of-renewable-energy-for.

Escobar, N., Britz, W., 2021. Metrics on the sustainability of region-specific bioplastics
production, considering global land use change effects. Resour. Conserv. Recycl.
167, 105345.

Farhat, W., Venditti, R., Ayoub, A., Prochazka, F., Ferndndez-de-Alba, C., Mignard, N.,
Taha, M., Becquart, F., 2018. Towards thermoplastic hemicellulose: chemistry and
characteristics of poly-(e-caprolactone) grafting onto hemicellulose backbones.
Mater. Des. 153, 298-307.

Farhat, W., Venditti, R.A., Hubbe, M., Taha, M., Becquart, F., Ayoub, A., 2017. A review
of water-resistant hemicellulose-based materials: processing and applications.
ChemSusChem 10 (2), 305-323.

Fazeli, M., Fazeli, F., Nuge, T., Abdoli, O., Moghaddam, S., 2022a. Study on the
preparation and properties of polyamide/chitosan nanocomposite fabricated by
electrospinning method. J. Polym. Environ. 30 (2), 644-652.

Fazeli, M., Liu, X., Rudd, C., 2022b. The effect of waterborne polyurethane coating on the
mechanical properties of epoxy-based composite containing recycled carbon fibres.
Surface. Interfac. 29, 101684.

Ferreira Gregorio, V., Pié, L., Tercefio, A., 2018. A systematic literature review of bio,
green and circular economy trends in publications in the field of economics and
business management. Sustainability 10 (11), 4232.

Fortunati, E., Yang, W., Luzi, F., Kenny, J., Torre, L., Puglia, D., 2016. Lignocellulosic
nanostructures as reinforcement in extruded and solvent casted polymeric
nanocomposites: an overview. Eur. Polym. J. 80, 295-316.

Francon, H., Wang, Z., Marais, A., Mystek, K., Piper, A., Granberg, H., Malti, A.,
Gatenholm, P., Larsson, P.A., Wagberg, L., 2020. Ambient-dried, 3D-printable and
electrically conducting cellulose nanofiber aerogels by inclusion of functional
polymers. Adv. Funct. Mater. 30 (12), 1909383.

Fredi, G., Dorigato, A., 2021. Recycling of bioplastic waste: a review. Advanced
Industrial and Engineering Polymer Research 4 (3), 159-177.

Gan, C., Liu, Y., Tan, X., Wang, S., Zeng, G., Zheng, B., Li, T., Jiang, Z., Liu, W., 2015.
Effect of porous zinc-biochar nanocomposites on Cr (VI) adsorption from aqueous
solution. RSC Adv. 5 (44), 35107-35115.

Garcia-Depraect, O., Bordel, S., Lebrero, R., Santos-Beneit, F., Borner, R.A., Borner, T.,
Munoz, R., 2021. Inspired by nature: microbial production, degradation and
valorization of biodegradable bioplastics for life-cycle-engineered products.
Biotechnol. Adv. 53, 107772.

Geng, W., Narron, R., Jiang, X., Pawlak, J.J., Chang, H.-m., Park, S., Jameel, H.,
Venditti, R.A., 2019. The influence of lignin content and structure on hemicellulose
alkaline extraction for non-wood and hardwood lignocellulosic biomass. Cellulose
26 (5), 3219-3230.

Ghimire, N., Bakke, R., Bergland, W.H., 2021. Liquefaction of lignocellulosic biomass for
methane production: a review. Bioresour. Technol. 332, 125068.

Goel, V., Luthra, P., Kapur, G.S., Ramakumar, S., 2021. Biodegradable/bio-plastics:
myths and realities. J. Polym. Environ. 29 (10), 3079-3104.

Goole, J., Amighi, K., 2016. 3D printing in pharmaceutics: a new tool for designing
customized drug delivery systems. Int. J. Pharm. 499 (1), 376-394.

Guan, Q.-F., Yang, H.-B., Han, Z.-M., Zhou, L.-C., Zhu, Y.-B., Ling, Z.-C., Jiang, H.-B.,
Wang, P.-F., Ma, T., Wu, H.-A., 2020. Lightweight, tough, and sustainable cellulose
nanofiber-derived bulk structural materials with low thermal expansion coefficient.
Sci. Adv. 6 (18) eaazl114.

Ha, J.-M., Hwang, K.-R., Kim, Y.-M., Jae, J., Kim, K.H., Lee, H.W., Kim, J.-Y., Park, Y.-K.,
2019. Recent progress in the thermal and catalytic conversion of lignin. Renew.
Sustain. Energy Rev. 111, 422-441.


http://refhub.elsevier.com/S0959-6526(23)00973-3/sref4
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref4
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref5
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref5
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref5
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref6
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref6
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref6
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref6
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref7
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref7
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref7
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref8
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref8
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref8
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref9
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref9
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref9
https://anfavea.com.br/anuario2022/2022.pdf
https://anfavea.com.br/anuario2022/2022.pdf
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref11
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref11
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref11
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref11
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref12
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref12
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref12
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref12
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref13
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref13
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref13
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref14
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref14
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref14
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref14
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref15
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref15
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref15
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref16
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref16
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref16
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref17
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref17
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref17
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref18
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref18
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref19
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref19
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref19
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref19
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref20
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref20
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref20
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref21
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref21
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref22
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref22
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref22
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref23
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref23
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref23
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref24
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref24
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref25
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref25
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref25
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref25
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref26
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref26
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref26
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref27
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref27
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref27
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref28
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref28
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref28
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref29
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref29
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref29
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref30
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref30
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref30
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref30
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref31
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref31
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref31
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref32
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref32
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref33
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref33
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref33
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref34
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref34
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref34
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref34
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref35
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref35
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref35
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref36
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref36
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref37
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref37
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref37
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref38
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref38
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref38
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref39
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref39
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref40
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref40
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref40
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref40
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref41
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref41
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref41
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref42
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref42
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref42
https://www.eea.europa.eu/ims/use-of-renewable-energy-for
https://www.eea.europa.eu/ims/use-of-renewable-energy-for
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref44
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref44
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref44
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref45
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref45
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref45
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref45
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref46
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref46
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref46
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref47
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref47
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref47
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref48
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref48
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref48
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref49
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref49
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref49
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref50
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref50
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref50
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref51
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref51
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref51
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref51
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref52
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref52
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref53
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref53
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref53
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref54
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref54
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref54
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref54
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref55
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref55
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref55
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref55
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref56
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref56
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref57
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref57
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref58
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref58
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref59
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref59
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref59
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref59
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref60
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref60
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref60

M. Mujtaba et al.

Haile, A., Gelebo, G.G., Tesfaye, T., Mengie, W., Mebrate, M.A., Abuhay, A., Limeneh, D.
Y., 2021. Pulp and paper mill wastes: utilizations and prospects for high value-added
biomaterials. Bioresources and Bioprocessing 8 (1), 1-22.

Hékansson, K.M., Henriksson, I.C., de la Pena Védzquez, C., Kuzmenko, V., Markstedt, K.,
Enoksson, P., Gatenholm, P., 2016. Solidification of 3D printed nanofibril hydrogels
into functional 3D cellulose structures. Advanced Materials Technologies 1 (7),
1600096.

Haldar, D., Purkait, M.K., 2021. A review on the environment-friendly emerging
techniques for pretreatment of lignocellulosic biomass: mechanistic insight and
advancements. Chemosphere 264, 128523.

Hansen, N.M.L., Plackett, D., 2008. Sustainable films and coatings from hemicelluloses: a
review. Biomacromolecules 9 (6), 1493-1505.

Hassan, S.S., Williams, G.A., Jaiswal, A.K., 2019. Lignocellulosic biorefineries in Europe:
current state and prospects. Trends Biotechnol. 37 (3), 231-234.

Hauer, B., 2020. Embracing nature’s catalysts: a viewpoint on the future of biocatalysis.
ACS Catal. 10 (15), 8418-8427.

Heinze, T.J., Glasser, W.G., 1998. Cellulose Derivatives. Springer.

Heise, K., Kontturi, E., Allahverdiyeva, Y., Tammelin, T., Linder, M.B., Nonappa,
Ikkala, O., 2021. Nanocellulose: recent fundamental advances and emerging
biological and biomimicking applications. Adv. Mater. 33 (3), 2004349.

Henke, K., Treml, S., 2013. Wood based bulk material in 3D printing processes for
applications in construction. European Journal of Wood and Wood Products 71 (1),
139-141.

Hernandez-Beltran, J.U., Hernandez-De Lira, 1.0., Cruz-Santos, M.M., Saucedo-
Luevanos, A., Hernandez-Terdn, F., Balagurusamy, N., 2019. Insight into
pretreatment methods of lignocellulosic biomass to increase biogas yield: current
state, challenges, and opportunities. Appl. Sci. 9 (18), 3721.

Hoije, A., Stememalm, E., Heikkinen, S., Tenkanen, M., Gatenholm, P., 2008. Material
properties of films from enzymatically tailored arabinoxylans. Biomacromolecules 9
(7), 2042-2047.

Holmatov, B., Schyns, J.F., Krol, M., Gerbens-Leenes, P., Hoekstra, A.Y., 2021. Can crop
residues provide fuel for future transport? Limited global residue bioethanol
potentials and large associated land, water and carbon footprints. Renew. Sustain.
Energy Rev. 149, 111417.

Hsieh, M.-C., Koga, H., Suganuma, K., Nogi, M., 2017. Hazy transparent cellulose
nanopaper. Sci. Rep. 7 (1), 1-7.

Huang, L.-Z., Ma, M.-G., Ji, X.-X., Choi, S.-E., Si, C., 2021. Recent developments and
applications of hemicellulose from wheat straw: a review. Front. Bioeng. Biotechnol.
9.

Huang, L., Du, X., Fan, S., Yang, G., Shao, H., Li, D., Cao, C., Zhu, Y., Zhu, M., Zhang, Y.,
2019. Bacterial cellulose nanofibers promote stress and fidelity of 3D-printed silk
based hydrogel scaffold with hierarchical pores. Carbohydr. Polym. 221, 146-156.

Hubbe, M.A., Tayeb, P., Joyce, M., Tyagi, P., Kehoe, M., Dimic-Misic, K., Pal, L., 2017.
Rheology of nanocellulose-rich aqueous suspensions: a review. Bioresources 12 (4),
9556-9661.

Irena, I.R.E.A., 2019. Advanced Biofuels. What Holds Them Back. https://irena.org/publi
cations/2019/Nov/Advanced-biofuels-What-holds-them-back, 8th March 2022).

Ita-Nagy, D., Vazquez-Rowe, 1., Kahhat, R., Chinga-Carrasco, G., Quispe, 1., 2020.
Reviewing environmental life cycle impacts of biobased polymers: current trends
and methodological challenges. Int. J. Life Cycle Assess. 25 (11), 2169-2189.

Jain, A., Sarsaiya, S., Awasthi, M.K., Singh, R., Rajput, R., Mishra, U.C., Chen, J., Shi, J.,
2022. Bioenergy and bio-products from bio-waste and its associated modern circular
economy: current research trends, challenges, and future outlooks. Fuel 307,
121859.

Jiang, J., Oguzlu, H., Jiang, F., 2021. 3D printing of lightweight, super-strong yet flexible
all-cellulose structure. Chem. Eng. J. 405, 126668.

Jing, Y., Dong, L., Guo, Y., Liu, X., Wang, Y., 2020. Chemicals from lignin: a review of
catalytic conversion involving hydrogen. ChemSusChem 13 (17), 4181-4198.

Jorda, M., Montava-Jorda, S., Balart, R., Lascano, D., Montanes, N., Quiles-Carrillo, L.,
2019. Functionalization of partially bio-based poly (ethylene terephthalate) by
blending with fully bio-based poly (amide) 10, 10 and a glycidyl methacrylate-based
compatibilizer. Polymers 11 (8), 1331.

KN, Y., T, P.D,P,S,S, K, R, YK, Varjani, S., AdishKumar, S., Kumar, G., J, R.B., 2022.
Lignocellulosic biomass-based pyrolysis: a comprehensive review. Chemosphere
286, 131824.

Kaldéus, T., Telaretti Leggieri, M.R., Cobo Sanchez, C., Malmstrom, E., 2019. All-aqueous
SI-ARGET ATRP from cellulose nanofibrils using hydrophilic and hydrophobic
monomers. Biomacromolecules 20 (5), 1937-1943.

Kalia, S., Dufresne, A., Cherian, B.M., Kaith, B.S., Avérous, L., Njuguna, J.,
Nassiopoulos, E., 2011. Cellulose-based bio- and nanocomposites: a review.
International Journal of Polymer Science 2011, 837875.

Kam, D., Layani, M., BarkaiMinerbi, S., Orbaum, D., Abrahami BenHarush, S.,
Shoseyov, O., Magdassi, S., 2019. Additive manufacturing of 3D structures composed
of wood materials. Advanced Materials Technologies 4 (9), 1900158.

Kamel, R., El-Wakil, N.A., Dufresne, A., Elkasabgy, N.A., 2020. Nanocellulose: from an
agricultural waste to a valuable pharmaceutical ingredient. Int. J. Biol. Macromol.
163, 1579-1590.

Kapoor, R., Ghosh, P., Kumar, M., Sengupta, S., Gupta, A., Kumar, S.S., Vijay, V.,
Kumar, V., Vijay, V.K., Pant, D., 2020. Valorization of agricultural waste for biogas
based circular economy in India: a research outlook. Bioresour. Technol. 304,
123036.

Karnaouri, A., Jalvo, B., Moritz, P., Matsakas, L., Rova, U., Hofft, O., Sourkouni, G.,
Maus-Friedrichs, W., Mathew, A.P., Christakopoulos, P., 2020. Lytic polysaccharide
monooxygenase-assisted preparation of oxidized-cellulose nanocrystals with a high
carboxyl content from the tunic of marine invertebrate ciona intestinalis. ACS
Sustain. Chem. Eng. 8 (50), 18400-18412.

20

Journal of Cleaner Production 402 (2023) 136815

Katstra, W.E., Palazzolo, R.D., Rowe, C.W., Giritlioglu, B., Teung, P., Cima, M.J., 2000.
Oral dosage forms fabricated by three dimensional printing. J. Contr. Release 66 (1),
1-9.

Kawaguchi, H., Takada, K., Elkasaby, T., Pangestu, R., Toyoshima, M., Kahar, P.,
Ogino, C., Kaneko, T., Kondo, A., 2022. Recent advances in lignocellulosic biomass
white biotechnology for bioplastics. Bioresour. Technol. 344, 126165.

Kellersztein, 1., Dotan, A., 2016. Chemical surface modification of wheat straw fibers for
polypropylene reinforcement. Polym. Compos. 37 (7), 2133-2141.

Khadir, A., Motamedi, M., Pakzad, E., Sillanpaa, M., Mahajan, S., 2021. The prospective
utilization of Luffa fibres as a lignocellulosic bio-material for environmental
remediation of aqueous media: a review. J. Environ. Chem. Eng. 9 (1), 104691.

Khaled, S.A., Burley, J.C., Alexander, M.R., Roberts, C.J., 2014. Desktop 3D printing of
controlled release pharmaceutical bilayer tablets. Int. J. Pharm. 461 (1), 105-111.

Khalid, M.Y., Arif, Z.U., 2022. Novel biopolymer-based sustainable composites for food
packaging applications: a narrative review. Food Packag. Shelf Life 33, 100892.

Khan, M.L, An, X., Dai, L., Li, H., Khan, A., Ni, Y., 2019. Chitosan-based polymer matrix
for pharmaceutical excipients and drug delivery. Curr. Med. Chem. 26 (14),
2502-2513.

Khan, M.U., Usman, M., Ashraf, M.A., Dutta, N., Luo, G., Zhang, S., 2022. A review of
recent advancements in pretreatment techniques of lignocellulosic materials for
biogas production: opportunities and Limitations. Chemical Engineering Journal
Advances, 100263.

Koskela, S., Wang, S., Fowler, P.M.P., Tan, F., Zhou, Q., 2021. Structure and self-
assembly of lytic polysaccharide monooxygenase-oxidized cellulose nanocrystals.
ACS Sustain. Chem. Eng. 9 (34), 11331-11341.

Koul, B., Yakoob, M., Shah, M.P., 2022. Agricultural waste management strategies for
environmental sustainability. Environ. Res. 206, 112285.

Kuhnt, T., Camarero-Espinosa, S., 2021. Additive manufacturing of nanocellulose based
scaffolds for tissue engineering: beyond a reinforcement filler. Carbohydr. Polym.
252, 117159.

Kumar, S., Basumatary, 1.B., Mukherjee, A., Dutta, J., 2022. An Overview of Natural
Biopolymers in Food Packaging. Biopolymer-Based Food Packaging. John Wiley &
Sons, Ltd., Hoboken, NJ, USA, pp. 1-28.

Lagerwall, J.P., Schiitz, C., Salajkova, M., Noh, J., Hyun Park, J., Scalia, G.,

Bergstrom, L., 2014. Cellulose nanocrystal-based materials: from liquid crystal self-
assembly and glass formation to multifunctional thin films. NPG Asia Mater. 6 (1)
e80-e80.

Leszczynska, A., Radzik, P., Szefer, E., Micusik, M., Omastova, M., Pielichowski, K.,
2019. Surface modification of cellulose nanocrystals with succinic anhydride.
Polymers 11 (5), 866.

Li, H., He, Y., Yang, J., Wang, X., Lan, T., Peng, L., 2019. Fabrication of food-safe
superhydrophobic cellulose paper with improved moisture and air barrier
properties. Carbohydr. Polym. 211, 22-30.

Li, H., Mahyoub, S.A.A., Liao, W., Xia, S., Zhao, H., Guo, M., Ma, P., 2017. Effect of
pyrolysis temperature on characteristics and aromatic contaminants adsorption
behavior of magnetic biochar derived from pyrolysis oil distillation residue.
Bioresour. Technol. 223, 20-26.

Li, J., Liu, X., Crook, J.M., Wallace, G.G., 2020. 3D printing of cytocompatible graphene/
alginate scaffolds for mimetic tissue constructs. Front. Bioeng. Biotechnol. 8, 824.

Li, T., Chen, C., Brozena, A.H., Zhu, J., Xu, L., Driemeier, C., Dai, J., Rojas, O.J.,
Isogai, A., Wéagberg, L., 2021. Developing fibrillated cellulose as a sustainable
technological material. Nature 590 (7844), 47-56.

Li, V.C., Mulyadi, A., Dunn, C.K., Deng, Y., Qi, H.J., 2018. Direct ink write 3D printed
cellulose nanofiber aerogel structures with highly deformable, shape recoverable,
and functionalizable properties. ACS Sustain. Chem. Eng. 6 (2), 2011-2022.

Lin, C., Wang, Q., Deng, Q., Huang, H., Huang, F., Huang, L., Ni, Y., Chen, L., Cao, S.,
Ma, X., 2019. Preparation of highly hazy transparent cellulose film from dissolving
pulp. Cellulose 26 (6), 4061-4069.

Liu, W., Chen, W., Hou, Q., Wang, S., Liu, F., 2018. Effects of combined pretreatment of
dilute acid pre-extraction and chemical-assisted mechanical refining on enzymatic
hydrolysis of lignocellulosic biomass. RSC Adv. 8 (19), 10207-10214.

Liu, X., Bouxin, F.P., Fan, J., Budarin, V.L., Hu, C., Clark, J.H., 2020. Recent advances in
the catalytic depolymerization of lignin towards phenolic chemicals: a review.
ChemSusChem 13 (17), 4296-4317.

Liu, Y., Lyu, Y., Tian, J., Zhao, J., Ye, N., Zhang, Y., Chen, L., 2021. Review of waste
biorefinery development towards a circular economy: from the perspective of a life
cycle assessment. Renew. Sustain. Energy Rev. 139, 110716.

Lobato-Peralta, D.R., Duque-Brito, E., Villafan-Vidales, H.I., Longoria, A., Sebastian, P.,
Cuentas-Gallegos, A.K., Arancibia-Bulnes, C.A., Okoye, P.U., 2021. A review on
trends in lignin extraction and valorization of lignocellulosic biomass for energy
applications. J. Clean. Prod. 293, 126123.

Long, L., Xue, Y., Hu, X., Zhu, Y., 2019. Study on the influence of surface potential on the
nitrate adsorption capacity of metal modified biochar. Environ. Sci. Pollut. Control
Ser. 26 (3), 3065-3074.

Loomis, D., Grosse, Y., Lauby-Secretan, B., El Ghissassi, F., Bouvard, V., Benbrahim-
Tallaa, L., Guha, N., Baan, R., Mattock, H., Straif, K., 2013. The carcinogenicity of
outdoor air pollution. Lancet Oncol. 14 (13), 1262.

Lopez-Fernandez, J., Benaiges, M.D., Valero, F., 2021. Second-and third-generation
biodiesel production with immobilised recombinant Rhizopus oryzae lipase:
influence of the support, substrate acidity and bioprocess scale-up. Bioresour.
Technol. 334, 125233.

Lu, C.-Y., Wey, M.-Y., 2007. Simultaneous removal of VOC and NO by activated carbon
impregnated with transition metal catalysts in combustion flue gas. Fuel Process.
Technol. 88 (6), 557-567.


http://refhub.elsevier.com/S0959-6526(23)00973-3/sref61
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref61
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref61
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref62
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref62
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref62
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref62
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref63
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref63
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref63
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref64
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref64
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref65
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref65
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref66
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref66
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref67
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref68
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref68
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref68
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref69
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref69
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref69
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref70
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref70
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref70
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref70
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref71
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref71
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref71
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref72
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref72
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref72
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref72
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref73
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref73
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref74
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref74
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref74
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref75
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref75
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref75
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref76
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref76
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref76
https://irena.org/publications/2019/Nov/Advanced-biofuels-What-holds-them-back
https://irena.org/publications/2019/Nov/Advanced-biofuels-What-holds-them-back
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref78
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref78
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref78
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref79
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref79
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref79
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref79
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref80
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref80
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref81
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref81
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref82
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref82
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref82
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref82
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref83
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref83
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref83
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref84
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref84
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref84
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref85
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref85
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref85
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref86
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref86
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref86
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref87
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref87
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref87
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref88
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref88
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref88
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref88
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref89
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref89
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref89
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref89
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref89
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref90
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref90
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref90
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref91
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref91
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref91
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref92
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref92
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref93
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref93
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref93
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref94
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref94
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref95
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref95
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref96
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref96
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref96
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref97
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref97
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref97
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref97
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref98
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref98
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref98
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref99
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref99
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref100
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref100
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref100
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref101
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref101
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref101
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref102
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref102
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref102
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref102
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref103
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref103
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref103
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref104
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref104
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref104
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref105
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref105
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref105
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref105
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref106
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref106
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref107
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref107
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref107
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref108
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref108
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref108
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref109
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref109
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref109
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref110
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref110
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref110
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref111
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref111
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref111
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref112
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref112
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref112
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref113
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref113
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref113
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref113
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref114
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref114
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref114
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref115
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref115
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref115
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref116
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref116
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref116
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref116
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref117
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref117
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref117

M. Mujtaba et al.

Lu, H., Yadav, V., Bilal, M., Igbal, H.M.N., 2022. Bioprospecting microbial hosts to
valorize lignocellulose biomass — environmental perspectives and value-added
bioproducts. Chemosphere 288, 132574.

Lu, X., Zhang, Y., Lin, C., Wy, F., 2021. Analysis and comprehensive evaluation of
sustainable land use in China: based on sustainable development goals framework.
J. Clean. Prod. 310, 127205.

Lucas, F.W.S., Grim, R.G., Tacey, S.A., Downes, C.A., Hasse, J., Roman, A.M.,
Farberow, C.A., Schaidle, J.A., Holewinski, A., 2021. Electrochemical routes for the
valorization of biomass-derived feedstocks: from chemistry to application. ACS
Energy Lett. 6 (4), 1205-1270.

Lucia, L.A., Rojas, O., 2009. The Nanoscience and Technology of Renewable
Biomaterials. John Wiley & Sons.

Lukkarinen, J.P., Nieminen, H., Lazarevic, D., 2023. Transitions in planning:
transformative policy visions of the circular economy and blue bioeconomy meet
planning practice. Eur. Plann. Stud. 31 (1), 55-75.

Luo, T., Hao, Y., Wang, C., Jiang, W., Ji, X., Yang, G., Chen, J., Janaswamy, S., Lyu, G.,
2022. Lignin nanoparticles and alginate gel beads: preparation, characterization and
removal of methylene blue. Nanomaterials 12 (1), 176.

Mancini, S.D., de Medeiros, G.A., Paes, M.X., de Oliveira, B.0.S., Antunes, M.L.P., de
Souza, R.G., Ferraz, J.L., Bortoleto, A.P., de Oliveira, J.A.P., 2021. Circular economy
and solid waste management: challenges and opportunities in Brazil. Circular
Economy and Sustainability 1 (1), 261-282.

Mankar, A.R., Pandey, A., Modak, A., Pant, K., 2021. Pretreatment of lignocellulosic
biomass: a review on recent advances. Bioresour. Technol. 334, 125235,

Mariana, M., Alfatah, T., Hps, A.K., Yahya, E.B., Olaiya, N., Nuryawan, A., Mistar, E.,
Abdullah, C., Abdulmadjid, S., Ismail, H., 2021. A current advancement on the role
of lignin as sustainable reinforcement material in biopolymeric blends. J. Mater. Res.
Technol. 15, 2287-2316.

Martinez-Abad, A., Ruthes, A.C., Vilaplana, F., 2016. Enzymatic-assisted extraction and
modification of lignocellulosic plant polysaccharides for packaging applications.

J. Appl. Polym. Sci. 133.

Medina-Morales, M.A., Luis, E., Paredes-Pena, L.A., Morales-Martinez, T.K., Rodriguez-
De la Garza, J.A., Moreno-Davila, I.M., Tamayo-Ordonez, M.C., Rios-Gonzalez, L.J.,
2021. Biohydrogen production from thermochemically pretreated corncob using a
mixed culture bioaugmented with Clostridium acetobutylicum. Int. J. Hydrogen
Energy 46 (51), 25974-25984.

Mehmood, U., 2021. Contribution of renewable energy towards environmental quality:
the role of education to achieve sustainable development goals in G11 countries.
Renew. Energy 178, 600-607.

Melendez, J.R., Matyas, B., Hena, S., Lowy, D.A., El Salous, A., 2022. Perspectives in the
production of bioethanol: a review of sustainable methods, technologies, and
bioprocesses. Renew. Sustain. Energy Rev. 160, 112260.

Mendieta, C.M., Vallejos, M.E., Felissia, F.E., Chinga-Carrasco, G., Area, M.C., 2020. Bio-
polyethylene from wood wastes. J. Polym. Environ. 28 (1), 1-16.

Mendoza, L., Batchelor, W., Tabor, R.F., Garnier, G., 2018. Gelation mechanism of
cellulose nanofibre gels: a colloids and interfacial perspective. J. Colloid Interface
Sci. 509, 39-46.

Meng, H., Nie, C., Li, W., Duan, X., Lai, B., Ao, Z., Wang, S., An, T., 2020. Insight into the
effect of lignocellulosic biomass source on the performance of biochar as persulfate
activator for aqueous organic pollutants remediation: epicarp and mesocarp of citrus
peels as examples. J. Hazard Mater. 399, 123043.

Merino, D., Simonutti, R., Perotto, G., Athanassiou, A., 2021. Direct transformation of
industrial vegetable waste into bioplastic composites intended for agricultural mulch
films. Green Chem. 23 (16), 5956-5971.

Miao, X., Lin, J., Bian, F., 2020. Utilization of discarded crop straw to produce cellulose
nanofibrils and their assemblies. Journal of Bioresources and Bioproducts 5 (1),
26-36.

Mietner, J.B., Jiang, X., Edlund, U., Saake, B., Navarro, J.R.G., 2021. 3D printing of a bio-
based ink made of cross-linked cellulose nanofibrils with various metal cations. Sci.
Rep. 11 (1), 6461.

Mikkonen, K.S., Parikka, K., Suuronen, J.P., Ghafar, A., Serimaa, R., Tenkanen, M., 2014.
Enzymatic oxidation as a potential new route to produce polysaccharide aerogels.
RSC Adv. 4 (23), 11884-11892.

Mohan, D., Kumar, S., Srivastava, A., 2014. Fluoride removal from ground water using
magnetic and nonmagnetic corn stover biochars. Ecol. Eng. 73, 798-808.

Mohan, D., Teong, Z.K., Bakir, A.N., Sajab, M.S., Kaco, H., 2020. Extending cellulose-
based polymers application in additive manufacturing technology: a review of recent
approaches. Polymers 12 (9), 1876.

Monlau, F., Sambusiti, C., Barakat, A., Guo, X.M., Latrille, E., Trably, E., Steyer, J.-P.,
Carrere, H.Ln., 2012. Predictive models of biohydrogen and biomethane production
based on the compositional and structural features of lignocellulosic materials.
Environ. Sci. Technol. 46 (21), 12217-12225.

Mulakkal, M.C., Trask, R.S., Ting, V.P., Seddon, A.M., 2018. Responsive cellulose-
hydrogel composite ink for 4D printing. Mater. Des. 160, 108-118.

Mullen, C.A., Boateng, A.A., 2010. Catalytic pyrolysis-GC/MS of lignin from several
sources. Fuel Process. Technol. 91 (11), 1446-1458.

Miiller, L.A.E., Zimmermann, T., Nystrom, G., Burgert, L., Siqueira, G., 2020. Mechanical
properties tailoring of 3D printed photoresponsive nanocellulose composites. Adv.
Funct. Mater. 30 (35), 2002914.

Munk, L., Muschiol, J., Li, K., Liu, M., Perzon, A., Meier, S., Ulvskov, P., Meyer, A.S.,
2020. Selective enzymatic release and gel formation by cross-linking of feruloylated
glucurono-arabinoxylan from corn bran. ACS Sustain. Chem. Eng. 8 (22),
8164-8174.

Narisetty, V., Cox, R., Willoughby, N., Aktas, E., Tiwari, B., Matharu, A.S., Salonitis, K.,
Kumar, V., 2021. Recycling bread waste into chemical building blocks using a
circular biorefining approach. Sustain. Energy Fuels 5 (19), 4842-4849.

21

Journal of Cleaner Production 402 (2023) 136815

Nattassha, R., Handayati, Y., Simatupang, T.M., Siallagan, M., 2020. Understanding
circular economy implementation in the agri-food supply chain: the case of an
Indonesian organic fertiliser producer. Agric. Food Secur. 9 (1), 10.

Nino-Medina, G., Carvajal-Millan, E., Rascon-Chu, A., Marquez-Escalante, J.A.,
Guerrero, V., Salas-Munoz, E., 2010. Feruloylated arabinoxylans and arabinoxylan
gels: structure, sources and applications. Phytochemistry Rev. 9 (1), 111-120.

Nor, N.M.,, Lau, L.C., Lee, K.T., Mohamed, A.R., 2013. Synthesis of activated carbon from
lignocellulosic biomass and its applications in air pollution control—a review.

J. Environ. Chem. Eng. 1 (4), 658-666.

OECD, and Food and Agriculture Organization of the United Nations, 2021. OECD-FAO
Agricultural Outlook 2021-2030.

Okolie, J.A., Nanda, S., Dalai, A.K., Kozinski, J.A., 2021. Chemistry and specialty
industrial applications of lignocellulosic biomass. Waste and Biomass Valorization
12 (5), 2145-2169.

Otoni, C.G., Azeredo, H.M., Mattos, B.D., Beaumont, M., Correa, D.S., Rojas, O.J., 2021.
The food-materials nexus: next generation bioplastics and advanced materials from
agri-food residues. Adv. Mater. 33 (43), 2102520.

Parikka, K., Ansari, F., Hietala, S., Tenkanen, M., 2012. Thermally stable hydrogels from
enzymatically oxidized polysaccharides. Food Hydrocolloids 26 (1), 212-220.
Parikka, K., Leppanen, A.-S., Pitkdnen, L., Reunanen, M., Willfor, S., Tenkanen, M., 2010.
Oxidation of polysaccharides by galactose oxidase. J. Agric. Food Chem. 58,

262-271.

Patel, A., Shah, A.R., 2021. Integrated lignocellulosic biorefinery: gateway for
production of second generation ethanol and value added products. Journal of
Bioresources and Bioproducts 6 (2), 108-128.

Pazhany, A.S., Henry, R.J., 2019. Genetic modification of biomass to alter lignin content
and structure. Ind. Eng. Chem. Res. 58 (35), 16190-16203.

Plastics - the Facts 2021, An analysis of European plastics production, demand and waste
data. Plastics - the Facts 2021 e, n.d.. Plastics Europe.

Popp, J., Kovdcs, S., Olah, J., Divéki, Z., Balazs, E., 2021. Bioeconomy: biomass and
biomass-based energy supply and demand. N. Biotech. 60, 76-84.

Prasanth, S., Kumar, P.S., Harish, S., Rishikesh, M., Nanda, S., Vo, D.-V.N., 2021.
Application of biomass derived products in mid-size automotive industries: a review.
Chemosphere 280, 130723.

Putro, J.N., Soetaredjo, F.E., Lin, S.-Y., Ju, Y.-H., Ismadji, S., 2016. Pretreatment and
conversion of lignocellulose biomass into valuable chemicals. RSC Adv. 6 (52),
46834-46852.

Qi, Y., Zhang, H., Xu, D., He, Z., Pan, X., Gui, S., Dai, X., Fan, J., Dong, X., Li, Y., 2020.
Screening of nanocellulose from different biomass resources and its integration for
hydrophobic transparent nanopaper. Molecules 25 (1), 227.

Qian, Y., Zhong, X., Li, Y., Qiu, X., 2017. Fabrication of uniform lignin colloidal spheres
for developing natural broad-spectrum sunscreens with high sun protection factor.
Ind. Crop. Prod. 101, 54-60.

Qiao, H., Zhou, Y., Yu, F., Wang, E., Min, Y., Huang, Q., Pang, L., Ma, T., 2015. Effective
removal of cationic dyes using carboxylate-functionalized cellulose nanocrystals.
Chemosphere 141, 297-303.

Qin, F., Zhang, C., Zeng, G., Huang, D., Tan, X., Duan, A., 2022. Lignocellulosic biomass
carbonization for biochar production and characterization of biochar reactivity.
Renew. Sustain. Energy Rev. 157, 112056.

Renders, T., Van den Bossche, G., Vangeel, T., Van Aelst, K., Sels, B., 2019. Reductive
catalytic fractionation: state of the art of the lignin-first biorefinery. Curr. Opin.
Biotechnol. 56, 193-201.

Rhozyel, M.S., Zalpyté, J., 2018. A Macroeconomic Perspective on Green Growth,
towards a Sustainable Bioeconomy: Principles, Challenges and Perspectives.
Springer, pp. 63-73.

Richter, A.P., Brown, J.S., Bharti, B., Wang, A., Gangwal, S., Houck, K., Cohen Hubal, E.
A., Paunov, V.N., Stoyanov, S.D., Velev, O.D., 2015. An environmentally benign
antimicrobial nanoparticle based on a silver-infused lignin core. Nat. Nanotechnol.
10 (9), 817-823.

Rodionova, M.V., Bozieva, A.M., Zharmukhamedov, S.K., Leong, Y.K., Lan, J.C.-W.,
Veziroglu, A., Veziroglu, T.N., Tomo, T., Chang, J.-S., Allakhverdiev, S.I., 2021.

A comprehensive review on lignocellulosic biomass biorefinery for sustainable
biofuel production. Int. J. Hydrogen Energy 47 (3), 1481-1498.

Rosatella, A.A., Simeonov, S.P., Frade, R.F., Afonso, C.A., 2011. 5-
Hydroxymethylfurfural (HMF) as a building block platform: biological properties,
synthesis and synthetic applications. Green Chem. 13 (4), 754-793.

Ruan, Z., Wang, X., Liu, Y., Liao, W., 2019. Corn, Integrated Processing Technologies for
Food and Agricultural By-Products. Elsevier, pp. 59-72.

Ruthes, A.C., Martinez-Abad, A., Tan, H.-T., Bulone, V., Vilaplana, F., 2017. Sequential
fractionation of feruloylated hemicelluloses and oligosaccharides from wheat bran
using subcritical water and xylanolytic enzymes. Green Chem. 19 (8), 1919-1931.

Sanchez-Gutiérrez, M., Bascon-Villegas, 1., Espinosa, E., Carrasco, E., Pérez-

Rodriguez, F., Rodriguez, A., 2021. Cellulose nanofibers from olive tree pruning as
food packaging additive of a biodegradable film. Foods 10 (7), 1584.

Sanchez, C., 2009. Lignocellulosic residues: biodegradation and bioconversion by fungi.
Biotechnol. Adv. 27 (2), 185-194.

Shahidi, A., Jalilnejad, N., Jalilnejad, E., 2015. A study on adsorption of cadmium (II)
ions from aqueous solution using Luffa cylindrica. Desalination Water Treat. 53 (13),
3570-3579.

Shao, P., Zhang, H., Niu, B., Jin, W., 2018. Physical stabilities of taro starch nanoparticles
stabilized Pickering emulsions and the potential application of encapsulated tea
polyphenols. Int. J. Biol. Macromol. 118, 2032-2039.

Sharma, A., Rana, H., Goswami, S., 2021. A Comprehensive review on the heavy metal
removal for water remediation by the application of lignocellulosic biomass-derived
nanocellulose. J. Polym. Environ. 1-18.


http://refhub.elsevier.com/S0959-6526(23)00973-3/sref118
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref118
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref118
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref119
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref119
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref119
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref120
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref120
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref120
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref120
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref121
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref121
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref122
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref122
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref122
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref123
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref123
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref123
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref124
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref124
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref124
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref124
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref125
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref125
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref126
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref126
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref126
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref126
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref127
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref127
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref127
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref128
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref128
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref128
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref128
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref128
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref129
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref129
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref129
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref130
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref130
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref130
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref131
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref131
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref132
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref132
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref132
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref133
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref133
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref133
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref133
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref134
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref134
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref134
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref135
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref135
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref135
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref136
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref136
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref136
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref137
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref137
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref137
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref138
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref138
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref139
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref139
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref139
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref140
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref140
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref140
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref140
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref141
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref141
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref142
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref142
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref143
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref143
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref143
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref144
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref144
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref144
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref144
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref145
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref145
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref145
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref146
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref146
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref146
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref147
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref147
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref147
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref148
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref148
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref148
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref149
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref149
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref150
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref150
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref150
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref151
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref151
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref151
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref152
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref152
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref153
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref153
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref153
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref154
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref154
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref154
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref155
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref155
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref156
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref156
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref157
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref157
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref157
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref158
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref158
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref158
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref159
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref159
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref159
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref160
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref160
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref160
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref161
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref161
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref161
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref162
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref162
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref162
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref163
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref163
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref163
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref164
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref164
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref164
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref165
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref165
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref165
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref165
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref166
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref166
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref166
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref166
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref167
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref167
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref167
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref168
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref168
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref169
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref169
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref169
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref170
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref170
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref170
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref171
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref171
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref172
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref172
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref172
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref173
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref173
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref173
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref174
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref174
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref174

M. Mujtaba et al.

Sharma, H.K., Xu, C., Qin, W., 2019. Biological pretreatment of lignocellulosic biomass
for biofuels and bioproducts: an overview. Waste and Biomass Valorization 10 (2),
235-251.

Shen, W., Chen, S., Shi, S., Li, X., Zhang, X., Hu, W., Wang, H., 2009. Adsorption of Cu
(I) and Pb (II) onto diethylenetriamine-bacterial cellulose. Carbohydr. Polym. 75
(1), 110-114.

Sherwood, J., 2020. The significance of biomass in a circular economy. Bioresour.
Technol. 300, 122755.

Shukla, P., Giri, B.S., Mishra, R.K., Pandey, A., Chaturvedi, P., 2021. Lignocellulosic
biomass-based engineered biochar composites: a facile strategy for abatement of
emerging pollutants and utilization in industrial applications. Renew. Sustain.
Energy Rev. 152, 111643.

Sindhu, R., Binod, P., Pandey, A., 2016. Biological pretreatment of lignocellulosic
biomass-an overview. Bioresour. Technol. 199, 76-82.

Singh, M., Kaushik, A., Ahuja, D., 2016. Surface functionalization of nanofibrillated
cellulose extracted from wheat straw: effect of process parameters. Carbohydr.
Polym. 150, 48-56.

Singh, N., Singhania, R.R., Nigam, P.S., Dong, C.-D., Patel, A.K., Puri, M., 2022. Global
status of lignocellulosic biorefinery: challenges and perspectives. Bioresour. Technol.
344, 126415.

Siqueira, G., Kokkinis, D., Libanori, R., Hausmann, M.K., Gladman, A.S., Neels, A.,
Tingaut, P., Zimmermann, T., Lewis, J.A., Studart, A.R., 2017. Cellulose nanocrystal
inks for 3D printing of textured cellular architectures. Adv. Funct. Mater. 27 (12),
1604619.

Sodergvist Lindblad, M., Albertsson, A.-C., 2004. In: Dumitriu, S. (Ed.), Chemical
Modification of Hemicelluloses and Gums, Polysaccharides. CRC Press, Baton Rouge,
LA.

Sohni, S., Khan, S.A., Akhtar, K., Khan, S.B., Asiri, A.M., Hashim, R., Omar, A.M., 2018.
Room temperature preparation of lignocellulosic biomass supported heterostructure
(Cu+ Co@ OPF) as highly efficient multifunctional nanocatalyst using wetness co-
impregnation. Colloids Surf. A Physicochem. Eng. Asp. 549, 184-195.

Steinbach, D., Kruse, A., Sauer, J., 2017. Pretreatment technologies of lignocellulosic
biomass in water in view of furfural and 5-hydroxymethylfurfural production- A
review. Biomass Conversion and Biorefinery 7 (2), 247-274.

Stephenson, P., Damerell, A., 2022. Bioeconomy and circular economy approaches need
to enhance the focus on biodiversity to achieve sustainability. Sustainability 14 (17),
10643.

Sternemalm, E., Hoije, A., Gatenholm, P., 2008. Effect of arabinose substitution on the
material properties of arabinoxylan films. Carbohydr. Res. 343 (4), 753-757.

Sultan, S., Mathew, A.P., 2018. 3D printed scaffolds with gradient porosity based on a
cellulose nanocrystal hydrogel. Nanoscale 10 (9), 4421-4431.

Sultan, S., Siqueira, G., Zimmermann, T., Mathew, A.P., 2017. 3D printing of nano-
cellulosic biomaterials for medical applications. Current Opinion in Biomedical
Engineering 2, 29-34.

Sun, L., Wan, S., Luo, W., 2013. Biochars prepared from anaerobic digestion residue,
palm bark, and eucalyptus for adsorption of cationic methylene blue dye:
characterization, equilibrium, and kinetic studies. Bioresour. Technol. 140,
406-413.

Suvachan, A., Lal, R., Nampoothiri, K.M., Sindhu, R., Bhaskar, T., Binod, P., Pandey, A.,
Yasarla, R., 2021. Valorization of paper industry rejects by combined thermo-
chemical pretreatment and biological conversion to L-lysine. Environ. Technol.
Innovat. 24, 101882.

Sydney Gladman, A., Matsumoto, E.A., Nuzzo, R.G., Mahadevan, L., Lewis, J.A., 2016.
Biomimetic 4D printing. Nat. Mater. 15 (4), 413-418.

Tagliapietra, B.L., de Melo, B.G., Sanches, E.A., Plata-Oviedo, M., Campelo, P.H.,
Clerici, M.T.P.S., 2021. From micro to nanoscale: a critical review on the concept,
production, characterization, and application of starch nanostructure. Starch Staerke
73 (11-12), 2100079.

Tanwilaisiri, A., Zhang, R., Xu, Y., Harrison, D., Fyson, J., 2016. A manufacturing process
for an energy storage device using 3D printing. In: 2016 IEEE International
Conference on Industrial Technology (ICIT), pp. 888-891.

Towards the circular economy Vol. 1: an economic and business rationale for an
accelerated transition. Transitioning to a circular economy business | Report, n.d..
ellenmacarthurfoundation.org.

Tseng, H.-H., Wey, M.-Y., 2004. Study of SO2 adsorption and thermal regeneration over
activated carbon-supported copper oxide catalysts. Carbon 42 (11), 2269-2278.
Usmani, Z., Sharma, M., Awasthi, A.K., Lukk, T., Tuohy, M.G., Gong, L., Nguyen-Tri, P.,
Goddard, A.D., Bill, R.M., Nayak, S.C., 2021. Lignocellulosic biorefineries: the
current state of challenges and strategies for efficient commercialization. Renew.

Sustain. Energy Rev. 148, 111258.

Uthandi, S., Kaliyaperumal, A., Srinivasan, N., Thangavelu, K., Muniraj, LK., Zhan, X.,
Gathergood, N., Gupta, V.K., 2022. Microbial biodiesel production from
lignocellulosic biomass: new insights and future challenges. Crit. Rev. Environ. Sci.
Technol. 52 (12), 2197-2225.

Vadanan, S.V., Basu, A., Lim, S., 2022. Bacterial cellulose production, functionalization,
and development of hybrid materials using synthetic biology. Polym. J. 54, 481-492.

Vanderfleet, O.M., Cranston, E.D., 2021. Production routes to tailor the performance of
cellulose nanocrystals. Nat. Rev. Mater. 6 (2), 124-144.

Vangeel, T., Schutyser, W., Renders, T., Sels, B.F., 2020. Perspective on lignin oxidation:
advances, challenges, and future directions. Lignin Chemistry 53-68.

Vasaki, M., Sithan, M., Ravindran, G., Paramasivan, B., Ekambaram, G., Karri, R.R.,
2022. Biodiesel production from lignocellulosic biomass using Yarrowia lipolytica.
Energy Convers. Manag. X 13, 100167.

Velvizhi, G., Balakumar, K., Shetti, N.P., Ahmad, E., Pant, K.K., Aminabhavi, T.M., 2022.
Integrated biorefinery processes for conversion of lignocellulosic biomass to value

22

Journal of Cleaner Production 402 (2023) 136815

added materials: paving a path towards circular economy. Bioresour. Technol. 343,
126151.

Verbeke, T.J., Giannone, R.J., Klingeman, D.M., Engle, N.L., Rydzak, T., Guss, A.M.,
Tschaplinski, T.J., Brown, S.D., Hettich, R.L., Elkins, J.G., 2017. Pentose sugars
inhibit metabolism and increase expression of an AgrD-type cyclic pentapeptide in
Clostridium thermocellum. Sci. Rep. 7 (1), 1-11.

Voisin, H., Bergstrom, L., Liu, P., Mathew, A.P., 2017. Nanocellulose-based materials for
water purification. Nanomaterials 7 (3), 57.

Vuong, T.V., Master, E.R., 2022. Enzymatic upgrading of heteroxylans for added-value
chemicals and polymers. Curr. Opin. Biotechnol. 73, 51-60.

Walker, T.R., 2021. (Micro) plastics and the UN sustainable development goals. Current
Opinion in Green and Sustainable Chemistry 30, 100497.

Wang, B., Sun, D., Wang, H.-M., Yuan, T.-Q., Sun, R.-C., 2019. Green and facile
preparation of regular lignin nanoparticles with high yield and their natural broad-
spectrum sunscreens. ACS Sustain. Chem. Eng. 7 (2), 2658-2666.

Wang, H., Qian, J., Ding, F., 2018a. Emerging chitosan-based films for food packaging
applications. J. Agric. Food Chem. 66 (2), 395-413.

Wang, J., Yu, Y.-D., Zhang, Z.-G., Wu, W.-C., Sun, P.-L., Cai, M., Yang, K., 2022a.
Formation of sweet potato starch nanoparticles by ultrasonic—assisted
nanoprecipitation: effect of cold plasma treatment. Front. Bioeng. Biotechnol. 10.

Wang, Q., Sun, J., Yao, Q., Ji, C., Liu, J., Zhu, Q., 2018b. 3D printing with cellulose
materials. Cellulose 25 (8), 4275-4301.

Wang, S., Eberhardt, T.L., Guo, D., Feng, J., Pan, H., 2022b. Efficient conversion of
glucose into 5-HMF catalyzed by lignin-derived mesoporous carbon solid acid in a
biphasic system. Renew. Energy 190, 1-10.

Wang, W., Lee, D.-J., 2021. Lignocellulosic biomass pretreatment by deep eutectic
solvents on lignin extraction and saccharification enhancement: a review. Bioresour.
Technol. 339, 125587.

Whba, W.B.A., 2021. Global Bioenergy Statistics. https://www.worldbioenergy.org/glo
bal-bioenergy-statistics/, 8th March 2022).

Wettstein, S.G., Alonso, D.M., Giirbiiz, E.I., Dumesic, J.A., 2012. A roadmap for
conversion of lignocellulosic biomass to chemicals and fuels. Current Opinion in
Chemical Engineering 1 (3), 218-224.

Wijaya, C.J., Ismadji, S., Gunawan, S., 2021. A review of lignocellulosic-derived
nanoparticles for drug delivery applications: lignin nanoparticles, xylan
nanoparticles, and cellulose nanocrystals. Molecules 26 (3), 676.

Woiciechowski, A.L., Neto, C.J.D., de Souza Vandenberghe, L.P., de Carvalho Neto, D.P.,
Sydney, A.C.N., Letti, L.A.J., Karp, S.G., Torres, L.A.Z., Soccol, C.R., 2020.
Lignocellulosic biomass: acid and alkaline pretreatments and their effects on biomass
recalcitrance-Conventional processing and recent advances. Bioresour. Technol.
304, 122848.

Wu, D., Wei, Z., Mohamed, T.A., Zheng, G., Qu, F., Wang, F., Zhao, Y., Song, C., 2022.
Lignocellulose biomass bioconversion during composting: mechanism of action of
lignocellulase, pretreatment methods and future perspectives. Chemosphere 286,
131635.

Xin, F., Dong, W., Zhang, W., Ma, J., Jiang, M., 2019. Biobutanol production from
crystalline cellulose through consolidated bioprocessing. Trends Biotechnol. 37 (2),
167-180.

Xu, C., Spadiut, O., Aratijo, A.C., Nakhai, A., Brumer, H., 2012. Chemo-enzymatic
assembly of clickable cellulose surfaces via multivalent polysaccharides.
ChemSusChem 5 (4), 661-665.

Xu, W., Wang, X., Sandler, N., Willfor, S., Xu, C., 2018. Three-dimensional printing of
wood-derived biopolymers: a review focused on biomedical applications. ACS
Sustain. Chem. Eng. 6 (5), 5663-5680.

Yaashikaa, P., Kumar, P.S., Varjani, S.J., Saravanan, A., 2019. Advances in production
and application of biochar from lignocellulosic feedstocks for remediation of
environmental pollutants. Bioresour. Technol. 292, 122030.

Yang, W., Owczarek, J., Fortunati, E., Kozanecki, M., Mazzaglia, A., Balestra, G.,
Kenny, J., Torre, L., Puglia, D., 2016. Antioxidant and antibacterial lignin
nanoparticles in polyvinyl alcohol/chitosan films for active packaging. Ind. Crop.
Prod. 94, 800-811.

Yi, S., Sun, Y., Hu, X., Xu, H., Gao, B., Wu, J., 2018. Porous nano-cerium oxide wood chip
biochar composites for aqueous levofloxacin removal and sorption mechanism
insights. Environ. Sci. Pollut. Control Ser. 25 (26), 25629-25637.

Yilmaz-Turan, S., Jiménez-Quero, A., Menzel, C., de Carvalho, D.M., Lindstrom, M.E.,
Sevastyanova, O., Moriana, R., Vilaplana, F., 2020. Bio-based films from wheat bran
feruloylated arabinoxylan: effect of extraction technique, acetylation and
feruloylation. Carbohydr. Polym. 250, 116916.

Yilmaz-Turan, S., Lopez-Sanchez, P., Jiménez-Quero, A., Plivelic, T.S., Vilaplana, F.,
2022. Revealing the mechanisms of hydrogel formation by laccase crosslinking and
regeneration of feruloylated arabinoxylan from wheat bran. Food Hydrocolloids 128,
107575.

Yu, B, Liu, X., Ji, C., Sun, H., 2023. Greenhouse gas mitigation strategies and decision
support for the utilization of agricultural waste systems: a case study of Jiangxi
Province, China. Energy 265, 126380.

Yu, S., Sun, J., Shi, Y., Wang, Q., Wu, J., Liu, J., 2021. Nanocellulose from various
biomass wastes: its preparation and potential usages towards the high value-added
products. Environmental Science and Ecotechnology 5, 100077.

Zambare, V.P., Christopher, L.P., 2020. Integrated biorefinery approach to utilization of
pulp and paper mill sludge for value-added products. J. Clean. Prod. 274, 122791.

Zhang, L., Peng, X., Zhong, L., Chua, W., Xiang, Z., Sun, R., 2019a. Lignocellulosic
biomass derived functional materials: synthesis and applications in biomedical
engineering. Curr. Med. Chem. 26 (14), 2456-2474.

Zhang, N., Zang, G.-L., Shi, C., Yu, H.-Q., Sheng, G.-P., 2016. A novel adsorbent TEMPO-
mediated oxidized cellulose nanofibrils modified with PEI: preparation,
characterization, and application for Cu (II) removal. J. Hazard Mater. 316, 11-18.


http://refhub.elsevier.com/S0959-6526(23)00973-3/sref175
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref175
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref175
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref176
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref176
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref176
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref177
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref177
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref178
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref178
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref178
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref178
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref179
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref179
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref180
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref180
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref180
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref181
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref181
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref181
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref182
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref182
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref182
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref182
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref183
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref183
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref183
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref184
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref184
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref184
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref184
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref185
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref185
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref185
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref186
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref186
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref186
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref187
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref187
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref188
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref188
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref189
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref189
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref189
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref190
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref190
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref190
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref190
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref191
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref191
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref191
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref191
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref192
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref192
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref193
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref193
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref193
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref193
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref194
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref194
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref194
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref195
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref195
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref196
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref196
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref196
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref196
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref197
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref197
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref197
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref197
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref198
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref198
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref199
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref199
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref200
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref200
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref201
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref201
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref201
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref202
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref202
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref202
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref202
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref203
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref203
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref203
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref203
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref204
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref204
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref205
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref205
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref206
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref206
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref207
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref207
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref207
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref208
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref208
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref209
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref209
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref209
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref210
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref210
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref211
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref211
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref211
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref212
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref212
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref212
https://www.worldbioenergy.org/global-bioenergy-statistics/
https://www.worldbioenergy.org/global-bioenergy-statistics/
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref214
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref214
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref214
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref215
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref215
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref215
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref216
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref216
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref216
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref216
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref216
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref217
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref217
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref217
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref217
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref218
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref218
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref218
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref219
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref219
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref219
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref220
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref220
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref220
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref221
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref221
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref221
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref222
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref222
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref222
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref222
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref223
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref223
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref223
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref224
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref224
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref224
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref224
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref225
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref225
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref225
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref225
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref226
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref226
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref226
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref227
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref227
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref227
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref228
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref228
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref229
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref229
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref229
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref230
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref230
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref230

M. Mujtaba et al.

Zhang, X., Chen, T., Lim, J., Xie, J., Zhang, B., Yao, T., Hamaker, B.R., 2019b. Fabrication
of a soluble crosslinked corn bran arabinoxylan matrix supports a shift to
butyrogenic gut bacteria. Food Funct. 10 (8), 4497-4504.

Zhang, X., Morits, M., Jonkergouw, C., Ora, A., Valle-Delgado, J.J., Farooq, M.,
Ajdary, R., Huan, S., Linder, M., Rojas, O., 2020. Three-dimensional printed cell
culture model based on spherical colloidal lignin particles and cellulose nanofibril-
alginate hydrogel. Biomacromolecules 21 (5), 1875-1885.

Zhao, L., Sun, Z.-F., Zhang, C.-C., Nan, J., Ren, N.-Q., Lee, D.-J., Chen, C., 2022. Advances
in pretreatment of lignocellulosic biomass for bioenergy production: challenges and
perspectives. Bioresour. Technol. 343, 126123.

Zhao, L., Yang, F., Jiang, Q., Zhu, M., Jiang, Z., Tang, Y., Zhang, Y., 2018.
Characterization of modified biochars prepared at low pyrolysis temperature as an

23

Journal of Cleaner Production 402 (2023) 136815

efficient adsorbent for atrazine removal. Environ. Sci. Pollut. Control Ser. 25 (2),
1405-1417.

Zhao, Y., Sun, H., Yang, B., Weng, Y., 2020. Hemicellulose-based film: potential green
films for food packaging. Polymers 12 (8), 1775.

Zhu, J., Chen, F., Zhang, Z., Li, M., Yang, Q., Yang, Y., Bao, Z., Ren, Q., 2019. M-gallate
(M= Ni, Co) metal-organic framework-derived Ni/C and bimetallic Ni-Co/C
catalysts for lignin conversion into monophenols. ACS Sustain. Chem. Eng. 7 (15),
12955-12963.

Ziegler, R., Poirier, C., Lacasse, M., Murray, E., 2023. Circular economy and
cooperatives—an exploratory survey. Sustainability 15 (3), 2530.


http://refhub.elsevier.com/S0959-6526(23)00973-3/sref231
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref231
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref231
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref232
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref232
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref232
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref232
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref233
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref233
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref233
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref234
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref234
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref234
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref234
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref235
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref235
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref236
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref236
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref236
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref236
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref237
http://refhub.elsevier.com/S0959-6526(23)00973-3/sref237

